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ABSTRACT

Venkatakrishnan, Vinod Kumar. Ph.D., Purdue University, December 2014. Lab-scale
fast-hydropyrolysis and vapor-phase catalytic hydrodeoxygenation for producing liquid
fuel range hydrocarbons from intact biomass. Major Professors: Fabio H. Ribeiro, Rakesh
Agrawal and W. Nicholas Delgass, School of Chemical Engineering.
Liquid transportation fuels are primarily produced from petroleum-based nonrenewable carbon sources. Sustainably available lignocellulosic biomass, as a renewable
form of atmospheric carbon, could be utilized to produce hydrocarbon-based fuels with
high energy density. One of the process options for this conversion is the H2Bioil process,
where biomass is rapidly heated in a hydrogen environment to produce fasthydropyrolysis vapors that are catalytically upgraded in downstream hydrodeoxygenation
(HDO) to produce hydrocarbons. This process has been modeled to have high carbon and
energy efficiencies of ~70% and ~75%, respectively.
This dissertation presents the results of a lab-scale experimental proof-of-concept
for the H2Bioil process for converting intact biomass to liquid fuel range hydrocarbons.
Based on various prototype designs for high pressure (up to 68 bar) fast-pyrolysis in an
inert environment, a cyclone-type fast-hydropyrolysis reactor system along with
downstream vapor-phase catalytic HDO reactor was designed and constructed. A liquid
chromatography-mass spectrometry based analytical technique was developed for

xix
quantitative compositional analysis of the cellulose pyrolysis liquid products.
Levoglucosan and its isomers, cellobiosan, water and light oxygenates like formic acid,
glycolaldehyde and hydroxyacetone are the major products of cellulose fast-pyrolysis.
Increasing pyrolysis temperature in the range of 480 ºC to 580 ºC was found to increase
the formation of light oxygenates, due to the increase in thermal cracking, and to decrease
carbon recovery in the liquid. Comparison of cellulose fast-pyrolysis and fasthydropyrolysis experiments showed that H2 does not play an important role in
deoxygenation even up to 50 bar H2 partial pressures in the absence of a downstream
HDO catalyst.
Candidate catalyst screening and previous work from our research group revealed
that adding an oxophillic promoter, such as Mo, along with the hydrogenation function of
Pt, could increase C-O bond scission. Hence, a 5wt%Pt-2.5wt%Mo catalyst supported on
multi-walled carbon nanotubes (MWCNT) was tested for HDO of fast-hydropyrolysis
vapors from cellulose, as a model biomass feedstock, and poplar, as a real biomass
feedstock. The total C1-C8+ hydrocarbon yield (as % carbon of feed) with cellulose was
~73%, the liquid fuel range (C4+) hydrocarbon yield was ~55%, with a major fraction as
C6 hydrocarbons from the HDO of levoglucosan and its isomers. The total C1-C8+
hydrocarbon yield (as % carbon of feed) with poplar was ~54%, and the liquid fuel range
hydrocarbon yield (C4+) was ~32%, with a major fraction as C8+ hydrocarbons from the
HDO of lignin fragments. Increasing the HDO temperature from 300 ºC to 350 ºC
increased the C-C bond scission and led to higher yields of CO and lower yields of C4+
hydrocarbons. Independent control of fast-hydropyrolysis and HDO temperatures in the
H2Bioil process helps in improving the overall C4+ hydrocarbon yields. For improving the

xx
overall carbon efficiency from the experimental proof-of-concept of the H2Bioil process,
synergistic process integrations, involving gasification, combustion and reforming, have
been suggested within the group for utilizing carbon from CO, char and C1-C3
hydrocarbons to increase the yield of liquid fuel range (C4+) hydrocarbons.
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CHAPTER 1. INTRODUCTION

1.1

Motivation

“Solar Economy” is a useful vision for a sustainable future where the needs of
humanity are envisioned to be derived from the sun [1]. Among the basic human needs of
food, chemicals, heat, electricity and transportation, the major challenge in the use of
solar energy for transportation is its conversion to a high energy density fuel for onboard
storage [1]. A few options for transportation are hydrogen fuel-cell vehicles, electric
vehicles and alternative sources of liquid fuels [1]. Of these, the first two options pose
considerable economical and technical challenges such as storage of low energy density
fuel [1]. Hence, the option of finding sustainable and renewable sources like solar energy
to produce liquid fuels to drive the transport sector appears promising [1].
In 2012, the liquid transportation fuels usage in the US was ~13.4 million barrels a day
[2]. Biomass, as a dense form of atmospheric carbon, is a sustainable carbon source to
produce liquid fuels to meet this huge demand of transportation [1]. For the source
biomass, it would be desirable to use sustainably available (SA) biomass, which refers to
agricultural and forestry residues, animal manure and municipal waste etc., which are
collected in a sustainable manner with minimal additional energy input and do not
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compete with food sources [1,3,4]. The SA biomass availability potential is currently
estimated at 498 million metric tons to greater than 1 billion tons a year [1,3,4].
With the traditional standalone thermochemical and biological processes for
converting biomass to liquid fuels, only about 20% to 50% of the US transportation
demand can be met [1,5]. For the transportation applications, hydrocarbon-based liquid
fuels are preferred over ethanol due to higher volumetric energy density and
compatibility with the current fuel and vehicle infrastructure [1]. Moreover, fermentationbased processes for producing ethanol have a carbon efficiency of only 35-50% that leads
to precious carbon from biomass, that nature has sequestered from atmospheric carbon, to
be lost as carbon dioxide [6]. Hence, there is a significant need to envision and
demonstrate innovative processes for carbon-efficient conversion of biomass to
hydrocarbon-based liquid fuel. This dissertation studies a lab-scale experimental proofof-concept of a conceptualized sustainable process for converting biomass to liquid fuels
at high carbon and energy efficiency.

1.2

Biomass Structure

Lignocellulosic biomass is primarily comprised of three components, namely,
cellulose, hemicellulose and lignin [7]. Cellulose, a polysaccharide made up of glucose
units, typically constitutes about 40-50 wt% of whole biomass [7]. Hemicellulose is a
heterogeneous polysaccharide of C5 and C6 sugars, which constitutes about 25-35wt% of
whole biomass [7]. Lignin is a highly cross-linked polyaromatic constituent which
accounts for 16-33wt% of whole biomass [7]. The lignin structure is comprised of
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substituted phenylpropane units, with monomeric units such as p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol [7]. Radical polymerization of the lignin
monomeric units during biosynthesis results in the cross-linked structure of lignin [7].
Guaiacyl (G) lignin is a cross-linked type of lignin structure derived from polymerization
of the coniferyl units, whereas, syringyl (S) lignin is a linear structure derived from
polymerization of the sinapyl units [7]. Softwoods, such as pine, mainly comprise of Glignin, whereas, hardwoods, such as poplar, comprise a combination of G and S-lignin [7].
Our collaborators in C3Bio have been successful in growing genetic variants of
arabidopsis and poplar plants with varying composition of G and S-lignin, which could
be used in tailoring the product distributions in biomass conversion processes.

1.3

Biomass Conversion Processes

Primary pathways for biomass conversion to liquid fuels are the biochemical
route and the thermochemical route [8]. In the biochemical route, biomass is converted to
ethanol from fermentation of aqueous sugars produced from biomass hydrolysis [8]. But,
a major drawback of the biochemical route is the low energy and carbon efficiency (~3550%) due to the loss of carbon as CO2 in fermentation and the inability to process the
lignin fraction of biomass, which is typically combusted in these applications [1].
In the thermochemical route, one of the options is the fast-pyrolysis process [8].
In this process, the biomass particles are rapidly heated in an inert environment to convert
them to vapors that are condensed to form a liquid phase bio-oil with about 65-77% of all
carbon atoms from the initial biomass [7]. However, this bio-oil has a low energy density
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(similar to the feed biomass energy density) because of the high oxygen content (35-40
wt %) [7]. Also, the bio-oil is acidic, unstable and not compatible with the current
petroleum infrastructure [7]. This bio-oil has to be hydrotreated at conditions of about
100-200 bar H2 for conversion to a hydrocarbon liquid [9]. Also, revaporizing bio-oil for
hydrotreating applications leads to issues of reactor plugging and coking [9].
One of the other thermochemical process options for production of liquid fuels
from biomass is conventional gasification followed by Fischer Tropsch (FT) process [8].
In this process, biomass is converted to syngas (mixture of H2 and CO) that is further
converted using FT synthesis into liquid fuel range hydrocarbons [8]. In the search for
better processes for conversion of biomass to liquid fuels, Agrawal et al. have
conceptualized a hybrid H2CAR process, where liquid fuels are produced with biomass
(or coal) as the carbon source, with supplemental hydrogen from a carbon-free energy
source such as solar, nuclear or wind [5,10]. The proposed process exploits synergy
between gasification and Fisher-Tropsch (FT) processes to convert syngas to liquid
hydrocarbon fuels [5,10]. The process consists of a biomass/coal gasifier co-fed with H2
produced from solar energy and CO2/H2/CO recycled from the FT reactor to convert the
H2/CO mixture to liquid fuels [5,10]. This process is estimated to have a high energy
recovery of 330 ethanol-gallon-equivalent (ege) ton-1 and carbon efficiency close to 100%
[6]. But the estimated hydrogen consumption is also high at 0.33 kg H2 L oil-1 [6].
Synergistic thermochemical and biological processes by combining H2CAR and
fermentation have also been proposed [11]. The high hydrogen consumption and
inefficient breakdown of molecules to small H2/CO fragments, before building back the
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hydrocarbons, showed that there was an opportunity to design a more efficient process
for liquid fuel production from biomass [1].

1.4

H2Bioil Process and its Advantages

In the H2CAR process, the carbon atoms from the biomass were converted to a
gaseous mixture (H2 and CO) and then made into hydrocarbon-based liquid fuels through
a gas-to-liquids conversion process [5,10]. A more energy efficient process pathway
would be to convert the biomass directly to a high energy density liquid in an integrated
process, by tailoring the bond-scission through a pyrolysis-based process [1]. This was
the concept on which Agrawal et al. envisioned the H2Bioil process, where biomass is cofed to a fast-hydropyrolysis & hydrodeoxygenation (HDO) reactor system along with H2
produced from a carbon-free energy source like solar, to produce liquid fuels in a
combined two step process [6,12–14]. In this process, the biomass is rapidly heated in a
hydrogen environment to produce fast-hydropyrolysis vapors that are catalytically
upgraded in a downstream HDO step to produce a hydrocarbon-based fuel [6,12–14].
This process seems realistic because of its modest estimated hydrogen consumption 0.11
kg H2 L oil-1, high estimated carbon efficiency (~70%), high energy efficiency (~75%)
and estimated liquid fuel yield (215 ege ton-1) [6].
Agrawal et al. have also proposed some synergistic variations of the H2Bioil
process viz. H2Bioil-B, H2Bioil-C and H2Bioil-NG [14]. In the H2Bioil-B process, a
portion (32-42%) of the biomass is gasified to produce the hydrogen necessary for the
fast-hydropyrolysis and HDO of the remaining portion of biomass [14]. This process is
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designed to exploit any potential water-gas-shift (WGS) reaction activity, in order to
produce more H2 for fast-hydropyrolysis [14]. Until low cost solar H2 becomes available,
H2 from alternate sources such as coal gasifier or natural gas reformer could be utilized in
the synergistic process variations H2Bioil-C and H2Bioil-NG, respectively [14]. H2BioilNG could potentially be built on a small to medium scale and distributed over relatively
small distances to avoid transportation of the feed biomass over large distances [14].
Even the main H2Bioil process could become economically attractive when low cost H2
becomes available from carbon free energy sources like solar or nuclear [1]. Clearly,
experimental demonstration of H2Bioil based processes could have a tremendous impact
on the transportation sector that is primarily driven by hydrocarbon-based liquid fuels
[14]. This dissertation presents and studies a lab-scale experimental proof-of-concept for
the practical realization of the H2Bioil process.
A literature survey of the reported experimental studies of batch-mode
hydropyrolysis is specified in Section 4.2. But, there have been no systematic studies on
continuous-flow fast-hydropyrolysis to understand the effects of hydrogen, process
conditions and downstream HDO catalysts. Section 5.2 discusses other pyrolysis-based
processes, such as catalytic pyrolysis and catalytic hydropyrolysis, which have been
reported for production of hydrocarbons from biomass. The main advantage of H2Bioil
process, as compared to catalytic pyrolysis/hydropyrolysis, is the independent control of
process conditions (pressure, temperature, catalysts) for the pyrolysis step and the
catalytic HDO step. This independent control in H2Bioil process helps in maximizing the
overall liquid fuel range hydrocarbon yields by utilizing fast-hydropyrolysis and catalytic
HDO at their respective optimum process conditions, as discussed further in Chapter 5.
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1.5

Research Objectives and Challenges

The main objectives of this research were to design, construct and systematically
study a lab-scale experimental proof-of-concept for the practical realization of the
H2Bioil process to produce liquid fuel range hydrocarbons from biomass. The research
objectives were to systematically study continuous-flow fast-hydropyrolysis to
understand the effects of hydrogen, process conditions, downstream HDO catalysts and
demonstrate the advantages of independent control of process conditions in the H2Bioil
process. Some of the challenges in fulfilling the research objectives of the experimental
proof-of-concept and systematic study were:
Research Challenge 1: Solids (biomass) feeding at high pressures (up to 50 bar)
and lab-scale flow rates in the range of about a few grams per minute.
Research Challenge 2: Fast-hydropyrolysis reactor design for high pressures (up
to 50 bar) of H2.
Research Challenge 3: Analytical method for quantitative analysis of the fasthydropyrolysis vapors, comprised of a complex mixture of oxygenated molecules.
Research Challenge 4: Catalyst capable of complete HDO of the fasthydropyrolysis vapors, which is a mixture of oxygenated molecules with varying oxygen
functionalities, to produce liquid fuel range hydrocarbons.
For feeding biomass at high pressures, a high-pressure auger-type biomass screw
feeder was designed and used for this study, as presented in Section 3.2.3 [15]. This
feeder is capable of lab-scale flow rates of biomass and solid biomass model compounds
in the range of 0.1- 20 g min-1 [15].
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For the second research challenge, a high-pressure cyclone-type fasthydropyrolysis reactor was designed based on testing of prototype reactors, as discussed
in Chapter 3 [15]. This reactor was designed with special emphasis on safety aspects
related to usage of high pressures (up to 50 bar) of hydrogen [15].
For addressing the third research challenge, a liquid chromatography-mass
spectrometry (LC-MS) method was developed, as discussed in Section 4.3.4 [15]. This
technique was able to account for up to 95wt% of the composition of the liquid products
from cellulose pyrolysis [15]. This LC-MS method is also being used as part of a
multistage liquid chromatography technique that is being developed for quantitative
analysis of biomass pyrolysis bio-oils.
For the fourth research challenge, candidate catalyst screening was utilized to
design a bimetallic PtMo catalyst that is capable of complete HDO of fast-hydropyrolysis
vapors from biomass model compounds (like cellulose) and intact biomass (such as
poplar), as discussed further in Chapter 5.

1.6

Thesis Overview

Chapter 2 presents the screening of prototype reactor designs for high-pressure
fast-pyrolysis. Chapter 3 presents the design and construction of a high-pressure cyclonetype fast-hydropyrolysis reactor system that was based on the prototype reactor testing.
Chapter 4 presents systematic studies to understand the effects of hydrogen in fasthydropyrolysis, pyrolysis temperature, reaction pressure and candidate downstream HDO
catalysts, using cellulose as a model biomass feedstock. Chapter 4 also presents the liquid
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chromatography-mass spectrometry (LC-MS) method that was developed for quantitative
analysis of cellulose pyrolysis liquid products. Chapter 5 presents experimental results of
complete HDO of fast-hydropyrolysis vapors to form hydrocarbons from cellulose, as a
biomass model compound, and poplar, as a real biomass feedstock, using a 5wt%Pt2.5wt%Mo/MWCNT catalyst. Chapter 6 summarizes the research contributions from this
dissertation and some future research directions are proposed. Appendix A and Appendix
B describe the supplementary information for Chapters 4 and 5, respectively.
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CHAPTER 2. HIGH-PRESSURE FAST-PYROLYSIS PROTOTYPE REACTORS

2.1

Introduction

Fast-pyrolysis is the rapid heating of biomass particles in an inert environment to
temperatures of about 500-550 C with a vapor residence time of <2 seconds [7].
Bridgwater and Peacocke [16] have reviewed a wide range of fast-pyrolysis reactors that
have been used in research laboratories in academic and industrial settings. The fastpyrolysis reactors are typically operated close to atmospheric pressure [16]. But, with the
ultimate aim of a high-pressure fast-hydropyrolysis reactor, our focus was to design and
construct a prototype fast-pyrolysis reactor that can have a stable performance at high
pressures of inert gas. Our objective was to construct a 2nd generation fast-hydropyrolysis
reactor, that would have required safety features for use of high pressures of hydrogen,
based on the best prototype high-pressure fast-pyrolysis design that had stable
performance.
The fast-pyrolysis reactor designs are differentiated based on the predominant
type of heat transfer that is used to rapidly heat the biomass particles. Heat could be
transferred to the biomass particles through solid-solid conduction with a heated surface
or medium, or through convection from hot gas flow, or radiation from hot reactor walls,
or a combination of all three types of heat transfer, based on the reactor design.
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We started working with a free-fall reactor as one of the basic designs for a fastpyrolysis reactor. Here, the biomass particles fall through a heated gas column and are
pyrolyzed mainly through convective heat transfer. The different designs that were tested
for the free-fall reactor are discussed in Section 2.2. But, as explained in Section 2.2,
none of the tested designs had a stable performance. So, we evaluated other reactor
designs such as the fluidized bed reactor, which is one of the most widely used traditional
fast-pyrolysis reactors [16]. But, for safety purposes, as discussed in Section 2.3, we did
not pursue the fluidized bed reactor design. Based on further literature survey, we
designed a prototype cyclone reactor for high-pressure fast-pyrolysis which showed
stable performance, as discussed in Section 2.4. Later, as discussed in Chapter 3, we
designed a cyclone-type fast-hydropyrolysis reactor system, that was safe for use with
high pressures of hydrogen, based on the prototype cyclone reactor.

2.2

Prototype Free-Fall Reactor Design Screening 1

The free-fall design, as one of the elementary designs for a fast-pyrolysis reactor,
involves pyrolyzing biomass particles as they fall through a column of hot inert gas. In
our research work, we built a protoype 24” high stainless steel (SS) 316 free-fall reactor
with a 1” outer diameter (OD) and 0.76” inner diameter (ID). Microcrystalline cellulose
(Sigma-Aldrich, 50 µm) was used as a model biomass feedstock for all the experiments
with the prototype reactors. Cellulose was fed using a high-pressure screw feeder (an
improved version of the feeder design is presented in Section 3.2.3). Nitrogen (at ambient
1

Work performed along with Dr. Fernando Resende
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temperature) was used as a carrier gas for entraining the cellulose. The reactor walls were
heated to ~550 ºC. Preheated helium (~550 ºC) was mixed with the nitrogen and cellulose
stream in various inlet design versions that were tested for the prototype free fall reactors,
as shown in Figure 2.1. None of the prototype designs resulted in stable performance of
the reactor due to the development of clogs at different portions of the reactor, mainly at
the inlet, as shown in Figure 2.1.
Figure 2.1(a) shows the first design that had a simple cross-flow mixing of the
preheated helium with the cellulose and nitrogen stream. In this design, there was
clogging at the location of the cross. The clogging was partly due to the slow heating of
the cellulose particles in the mixing cross which increased char buildup significantly.
To eliminate clogging in the mixing cross, an inlet tube was added, as shown in
Figure 2.1(b), to make sure the cellulose particles are contacted with the preheated
helium after the cross. But, the clog developed inside the inlet tube due to the heating of
the inlet tube by the preheated helium.
In order to shield the inlet tube from the preheated helium, a vacuum jacket was
added, as shown in Figure 2.1(c). But, the location of the clog was now shifted to the
welded edge of the jacket, which was getting heated by conduction from the outer part of
jacket that was in contact with the preheated helium.
When water was used instead of vacuum (Figure 2.1(d)), for the inlet tube
cooling jacket, the location of clog shifted to the main reactor due to altering of the
temperature profile by cooling of the preheated helium. In order to insulate the preheated
gas from the jacket, a one-sided injector was designed (shown in Figure 2.1(e)). But, the
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addition of the injector did not prevent the occurrence of the clogs at the end of the jacket.
Also, changing flow rate of cellulose in the range of 0.1-0.5 g min-1 did not eliminate the
reactor clogging.
One of the observations with the different prototype free-fall reactor designs was
that the temperature profile in the reactor inlet section strongly affected the location of
the clogs. In order to eliminate the formation of the clogs, the cellulose had to be heated
up at high heating rates so it can vaporize cleanly without leaving a char residue.
Formation of char residue further increases the subsequent charring due to lowering of
the particle heating rate due to lower thermal conductivity of the char as compared to the
reactor walls. Hence, our objective was to optimize the flow rates of nitrogen and
preheated helium, and the reactor wall temperature to achieve a steep thermal gradient
below the inlet jacket of the reactor to achieve high heating rates to the cellulose particles.
For measurement of the temperature profile, a multipoint thermocouple (Figure
2.1(f)) was used, which could measure temperature at 5 locations, 1.25 cm apart, just
below the inlet jacket. The nitrogen flow rate was varied from 1 to 5 std. L min-1,
preheated helium flow rate was varied between 5 to 20 std. L min-1 and the reactor wall
temperature was varied between 500 to 550 °C for optimizing the temperature profile.
But, even with the optimized temperature profile that achieved the steepest gradient, the
reactor clogged at the tip of the inlet jacket. Hence, we decided to look for other highpressure fast-pyrolysis reactor designs that would improve the heating rates to achieve
stable reactor performance without clogging.
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Figure 2.1: Design variations of the prototype free-fall reactor that were tested
along with the locations of the clogs that hampered stable performance.
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2.3

Fluidized Bed Reactor Design Study

For achieving cellulose particle heating rates higher than the free-fall reactor, we
evaluated a reactor design for a fluidized bed reactor, which is one of the most widely
used traditional fast-pyrolysis reactors [2]. We performed a preliminary design study for
a fluidized bed reactor for fast-hydropyrolysis, with a fluidization medium such as sand
or a catalyst, at pressures up to 50 bar. The design calculations showed that for achieving
fluidization velocities at 50 bar, the flow rates of hydrogen needed would be in excess of
400 std. L min-1 for a reactor with 1” outer diameter.

Based on discussion with

laboratory safety experts at Purdue University, it was decided to limit the hydrogen flow
rates to be used in the laboratory (Forney Hall of Chemical Engineering, Room 3004) to
50 std. L min-1 for safety purposes. Hence, we decided not to pursue the fluidized bed
reactor design.
2.4

Prototype Cyclone Reactor 2

On further literature survey, we found a design for a cyclone-type fast-pyrolysis
reactor [17]. In this design, a cyclone separator, typically used for gas-solid separations,
is used as a fast-pyrolysis reactor, where the biomass particles are rapidly heated through
contact with the heated inner walls. This reactor was reported to have stable performance
close to atmospheric pressure [17]. We performed preliminary calculations and built a
prototype cyclone reactor for high pressure fast-pyrolysis in an inert atmosphere that
could be operated with less than 50 std. L min-1 gas flow rate at pressures up to 50 bar.
The schematic of the prototype cyclone reactor is shown in Figure 2.2. Initially, even this
2
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reactor had problems of clogging at the reactor inlet, similar to the previous versions of
the free-fall reactor. The problem of clogging was partly resolved by the high gas
velocities in the cyclone inlet that led to cellulose/biomass particles being fed as an
entrained jet onto the hot inner wall of the cyclone. Also, preheating the carrier gas after
mixing with the cellulose/biomass solids helped in reducing the agglomeration caused
when preheated gas contacted the relatively cold cellulose. When the cellulose/biomass
particles impinge on the cyclone inner wall, solid-solid contact resulted in high heat
transfer rates that was required for fast-pyrolysis. The char was instantly separated from
the pyrolysis vapors due to the cyclonic action of the reactor. This prototype cyclone
reactor showed stable performance, as discussed below, and was limited only by the
complete filling of the cyclone reactor with char. So, a combination of high heating rate
(through solid-solid contact) and low residence time in the reactor inlet (with
intermediate temperatures) helped in eliminating the inlet clogging issue.
As shown in Figure 2.2, the pyrolysis vapors from the cyclone reactor pass
through transfer lines to a two stage condenser system to collect the liquid products.
Stage 1 comprised of a concentric tube heat exchanger, cooled with a mixture of ethylene
glycol and water, and a Swagelok coalescing filter with a liquid trap. Stage 2 comprised
of a liquid trap cooled externally with liquid N2 or water/ice mixture. Due to the
unavailability of a gas chromatograph, gas yields and composition could not be measured.
The cyclone reactor had an inner diameter of 6.7 cm, with an internal volume of
0.46 L and the material of construction was stainless steel (SS) 316. The reactor inlet was
a 0.25” outer diameter SS 316 tube and the reactor was connected with the condenser and
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char collector using 0.75” welded Swagelok-VCR connections. The condenser had an
inner diameter of 0.62” with a total length of 10”. The condenser and cyclone were
designed/sized based on availability of connection parts in the lab, for quick prototype
testing, and not based on the actual requirements of the experiments. Whereas, the
second-generation high-pressure fast-hydropyrolysis reactor system was designed/sized
for well-defined experimental objectives and high-pressure hydrogen safety, as discussed
in Chapter 3.
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Figure 2.2: Schematic of the prototype cyclone reactor.

A few experiments were performed using the prototype cyclone reactor to
understand the effects of reaction pressure, gas velocity and vapor residence time on the
char and liquid product yields. These experiments were also planned for gathering
information for design, construction and operation of the second-generation fasthydropyrolysis reactor system (Chapter 3). In all these experiments, microcrystalline
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cellulose (Sigma-Aldrich, 50 µm) was used as a biomass model feedstock at a flow rate
of ~1 g min-1. The summary of the experiments is given in Table 2.1. In run 1 and run 2,
the system pressure was held at 27 bar. In runs 3, 4, 5 and 6 the system pressure was set
to 4.5 bar and the total gas flow rate was varied to understand the effect of vapor
residence time and gas velocity on liquid and char product yields. In all the experiments,
the cyclone inner wall temperature was ~450 °C and preheat temperature was ~400 °C.
At a pressure of 27 bar, in run 1 and run 2, the char yields were ~5wt% of starting
feed cellulose. The low char yields showed that the heat transfer rates from the heated
cyclone walls to the cellulose particles were high. The char yield was formed mainly on
the inner walls directly opposite to the feed inlet. This suggested that a tangential feed
inlet would increase the number of particles hitting the wall and could help in further
increasing the heat transfer rate and decrease the char yield.
The liquid yields from Run 1 and Run 2 were ~72wt% of feed and ~76wt% of
feed, respectively. The liquids were collected in two fractions, one each in first and
second stage. The first stage fraction was dark brown in color and more viscous than the
second stage fraction which was light yellow in color. This indicated that a heavier
fraction of pyrolysis products is collected in the first stage and a lighter fraction, with
more water content, is collected in the second stage. Using liquid nitrogen to cool the
second stage trap caused clogging, close to the end of the experiments, due to formation
of solids (mainly ice) in the trap, so a water/ice mixture was used to cool the second stage
trap in the 4.5 bar experiments.
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Table 2.1: Summary of the fast-pyrolysis experiments on the prototype cyclone reactor.
Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Pressure / bar

27.0

27.0

4.5

4.5

4.5

4.5

Helium flow rate
/ std. L min-1

20.0

20.0

10.0

12.5

15

17.5

Nitrogen flow rate /
std. L min-1

1.0

1.0

1.0

1.0

1.0

1.0

Vapor residence time
in the cyclone
reactor 3/ s

14.4

14.4

4.6

3.7

3.1

2.7

Cyclone inlet
velocity4 / cm s-1

156

156

493

606

718

830

Total cellulose fed / g

99.4

29.1

74.8

126.9

28.5

106.2

Char yield
/ wt% of feed

5.1

4.0

1.3

1.2

1.8

1.0

Total liquid yield
/ wt % of feed

72

76

37

47

54

65

Liquid yield from
first stage / wt% of
feed

65

71

35

37

43

32

Liquid yield from
second stage
/ wt% of feed

7

5

2

10

11

33

At a pressure of 4.5 bar, in Runs 3, 4, 5 and 6, the char yields were ~1wt% of the
feed, which were lower than the experiments at 27 bar. Again, the char was mainly found
on the part of the reactor inner wall that was directly opposite to the feed inlet. The lower
char yield in the 4.5 bar experiments is mainly attributed to the higher cyclone radial

3
4

calculated at an average gas temperature of ~450 °C and reaction pressure
calculated at a preheat temperature of ~400 °C and reaction pressure
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velocities, due to higher cyclone inlet gas velocities (shown in Table 2.1), which led to a
higher number particles of cellulose to hit the wall. Since, solid-solid heating rate is
higher than the gas-solid heating rate, the char yield is lower in the 4.5 bar experiments as
compared to the 27 bar experiments.
The liquid yields from Runs 3, 4, 5 and 6 were 37wt%, 47wt%, 54wt%, and
65wt%, respectively. These yields are significantly lower than for the runs at 27 bar. Also,
the liquid products from the 4.5 bar experiments were more viscous as compared to 27
bar experiments. After these experiments, on dismantling the reactor system exhaust,
significant amount of tar residues were found after the backpressure regulator. This
indicated that, in the 4.5 bar experiments, some of the condensable vapor products and
water vapor was not quenched and trapped due to low residence times in the separation
section, which led to lower yields and higher viscosity of the liquid products. Hence, the
condenser system was redesigned and sized, based on accurate estimations of the heat
transfer requirements of the planned experiments, for the second-generation fasthydropyrolysis reactor, as discussed in Chapter 3.

2.5

Summary of Results from Prototype Reactors

In summary, the testing of the prototype high-pressure fast-pyrolysis reactor
designs showed that the critical reactor design parameters for stable performance are fast
heating rates and low vapor residence time, especially in the intermediate temperature
regions at the reactor inlet. Among the tested reactor designs, only the prototype cyclone
reactor was able to show stable performance for experimental time periods up to ~2 hours.
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The cyclone design was able to achieve fast heating rates by solid-solid contact of the
cellulose particles with the heated inner walls. Higher reactor inlet gas velocities in the
cyclone reactor as compared to the free-fall reactor designs helped in achieving stable
reactor performance without clogging. Also, the high standard condition feed gas flow
rates helped to keep the reactor inlet cool enough to not cause clogging.
The experiments with the prototype cyclone reactor showed that increasing the
inlet gas velocities could increase the net heating rate of the cellulose particles and
decrease the char yield. Also, a tangential feed inlet could help in increasing the heating
rate of the particles by increasing the number of cellulose particle collisions with the
heated reactor wall. But, the condenser system would need to be redesigned and sized to
quench and trap all condensable vapor products in the planned experiments for the next
generation reactor design. Overall, the results from the prototype high-pressure fastpyrolysis reactor experiments was very useful for the design, construction and operation
of the second-generation cyclone-type fast-hydropyrolysis reactor system, as discussed in
Chapter 3.
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CHAPTER 3. DESIGN AND CONSTRUCTION OF HIGH-PRESSURE CYCLONETYPE FAST-HYDROPYROLYSIS REACTOR SYSTEM

Portions of the material presented in this chapter have been published [15] –
Reproduced by permission of The Royal Society of Chemistry.

3.1

Introduction

In this chapter, the design and construction of the cyclone-type fasthydropyrolysis (FHP) reactor system has been discussed. This reactor system was
designed based on the prototype cyclone-type fast-pyrolysis reactor (discussed in Chapter
2) with specific features for the safe-use of high pressures (up to 100 bar) of hydrogen.
The objectives of this reactor system were:
Continuous-flow fast-pyrolysis (inert) or fast-hydropyrolysis (with hydrogen) of
intact (dried and milled) biomass or solid biomass model compound (e.g. cellulose)
at temperatures up to 600 °C and pressures up to 100 bar. Ability to co-feed carbon
monoxide to the reaction system to emulate the use of coal/biomass gasifier effluent
(syn-gas) for fast-hydropyrolysis applications.
Vapor-phase catalytic hydrodeoxygenation (HDO) of the pyrolysis products, which
comprise of oxygenated molecules (carbohydrates, alcohols, carboxylic acids, aldehydes,
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phenol derivates, etc.), water, and permanent gases (CO, CO2, CH4 etc.), using a
downstream fixed-bed catalytic HDO reactor. The design could also be modified with
another feeder to co-feed catalyst with the biomass into the pyrolysis reactor.
Quench the effluent vapors and gases and collect the liquid product for off-line
analysis. Permanent gases including H2 are depressurized via back-pressure regulator
and split into exhaust and analysis streams for quantification of permanent gas
components by a thermal conductivity detector (TCD) using a gas chromatograph
(GC). Gas-phase C1-C12 hydrocarbons can be analyzed on-stream using a flame
ionization detector (FID) of a GC.

3.2

Description of the cyclone-type fast-hydropyrolysis reactor system 5

Thesis sections 3.2.1 and 3.2.2 give a brief overview of the general characteristics
of the reactor system and describe the overall process flow. Subsequent sections provide
details for each major process section of the reactor system. Some of the further details
about the reactor design have been specified in Section 4.3.1 and Appendix A of this
thesis. Section 3.2.10 describes the reactor safety features that ensure safe use of high
pressures of hydrogen.

5
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3.2.1

Overview

Figure 3.1 shows a photograph of the cyclone-type fast-hydropyrolysis reactor system
assembly in a walk-in fume hood. The reactor design is based on American Society of
Mechanical Engineers (ASME) B16.5 flange standards and B31.3 process piping codes.
The materials of construction for the system are stainless steel (SS) grades 316, 316H,
and 347 that are resistant to corrosion and hydrogen embrittlement. Any connections at
elevated temperatures are made using appropriate American National Standards Institute
(ANSI) rated flanges that are specified to withstand high temperature and pressure. The
design range of the reactor system is specified in Table 3.1. All flanged connections use
ASME B8M Class 2 studs, SS316 nuts and washers that are lubricated with Ni-based
thread lubricant. The torque specifications and percentage of the yield stress for each bolt
were based on recommendations from the manufacturer Lamons (Houston, TX). The
flanges use a stainless-steel-based gasket, Lamons Kammpro LP3-HTG. Connections at
ambient temperature which need to be serviced frequently are a combination of VCR,
flared (AN) and NPT fittings. The remaining connections are made using Swagelok
compression fittings. The maximum allowable working pressure (MAWP) for this reactor
system is currently 67 bar due to the MAWP of the coalescing filter component for
gas/liquid separation, as discussed in subsequent sections. Also, the screw feeders have
only been hydrostatically tested to 85 bar. Hence, the MAWP of the overall reactor
system is limited to 67 bar until the pressure ratings of the screw feeder and coalescing
filter are addressed. Table 3.2 shows the volume for each process and gas residence time
at the expected reaction conditions in each section.
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The cyclone FHP reactor is heated using laboratory heating tape enclosed with a
high temperature ceramic heater. The inlet to the cyclone FHP is heated using a
laboratory heating tape covered with insulation. The HDO reactor is heated using a
combination of laboratory heating tape and a heating jacket. Custom-made, insulated,
heating jackets are used to heat all other portions of the reactor system, which are at
elevated temperatures. The reactor system is monitored and controlled using an in-housebuilt LabVIEW based hardware and software system. Description of the LabVIEW system
is specified in thesis section 3.2.9.

Figure 3.1: Photograph of the reactor system as installed in the walk-in hood,
without heating jackets and insulation.
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Table 3.1: High-pressure reactor system operating characteristics.
Process Parameter

Design Range

Total pressure

Up to 100 bar

Hydrogen partial pressure

Up to 100 bar

Hydropyrolysis temperature

Up to 650 C

Total gas flow rate

20-50 std. L min-1

Hydropyrolysis reactor residence time

1-5 seconds

Catalyst bed temperature

Up to 500 C

Table 3.2: Estimated system section volumes and gas residence times at 50 std. L min-1,
25 bar and average section gas temperatures.
Process Section

Volume/ L

Average gas
temperature in the
section / °C

Residence
Time / s

Cyclone Reactor

0.15

500

1.6

Char Collector

0.68

30

-

Connector

0.10

400

1.2

HDO Reactor

0.03

400

0.4

Condenser

0.10

210

1.7

Total

1.06

-

4.9
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3.2.2

Overall Process Flow

The process flow diagram for the reactor system is shown in Appendix A Figure
A.4. Hazardous gases, H2 and CO, are kept in a ventilated gas cabinet while the highpressure reactor system is contained within a walk-in hood. Feed lines of H2 and CO from
the cabinet to the hood are made from a single piece of tubing. Digital thermal mass flow
controllers (Brooks SLA5850S) are used to control the flow of H2, He, N2, and CO to the
reactor system. H2 and CO mix with a stream containing N2 and biomass fed from a
screw feeder. This mixture of solids and gas is preheated to 200-500 °C just before
entering the cyclone-type, fast-hydropyrolysis reactor (FHP). In the FHP reactor, the
biomass is decomposed at ~500-550 °C into a mixture of vapors, permanent gases, and
char. The solid char by-product is collected in the char collector or on a blind flange
below the FHP reactor. Product vapors exit the top of the FHP reactor, though a
connector section where the temperature of the stream could be adjusted, and to a fixedbed, catalytic HDO reactor at ~300-500°C. The upgraded vapors and permanent gases are
then cooled to 20-30 °C in a concentric-tube, countercurrent, heat exchanger and a
coalescing filter is used to separate condensed liquids from gas. The remaining gas and
un-condensed vapor are passed through a cold-finger trap (with ice cold water or dry ice)
to remove any remaining condensable vapors. Finally, the permanent gases/hydrocarbons
are passed through a pneumatically controlled backpressure regulator and split into
exhaust and product analysis (GC) streams.
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3.2.3

High-pressure biomass screw feeders

The high-pressure biomass feeder is shown in Figure A.1. The screw feeder
design has been explained in Appendix A. The screw feeder is installed on a movable
shelf on the main reactor frame. An additional screw feeder was also designed for cofeeding catalyst into the fast-hydropyrolysis reactor system but could not be installed due
to space constraints in the walk-in hood. The screw feeders were built and hydrostatically
tested to a higher pressure of 85 bar to allow for a safety factor. A stainless steel auger is
used for transporting the solids from the hopper to the feed chamber. A stainless steel
vibrator (CVT-S-10, Cleveland Vibrator Company) is installed on the hopper for
ensuring solids flow into the auger and from the feed chamber to the reactor inlet. The
feed hopper also contains stainless steel balls (~1mm diameter) that critically assist in the
movement of the biomass particles into the auger. An exhaust port on the hopper is
connected to the feed chamber for pressure equalization. The auger is driven by an
electric servomotor (M400, Applied Motion Products) for providing sufficient torque to
move the auger and the biomass particles. A magnetic coupling (Parr Instrument
Company) is used to connect the auger to the servomotor to ensure proper isolation of the
high-pressure environment of the auger. An Applied Motion BluAC5-S servo controller
provides power to the motor and it is configured to communicate with the LabVIEW
software via serial (RS-232) communication for enabling operator control to start/stop the
feeder and change biomass flow rates. The screw feeder has been tested for biomass feed
rates in the range of 0.1 to 20 g min-1. Further details about the screw feeders are given in
Appendix A.
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3.2.4

Cyclone-type fast-hydropyrolysis reactor

The cyclone-type fast-hydropyrolysis reactor was designed to rapidly heat the
biomass to 500-550°C via conduction from hot walls of the reactor and convection from
the hot feed or inert carrier gases flowing through the reactor. A cross sectional view of
the fast-hydropyrolysis reactor is shown in Figure 3.2. The reactor walls are heated
externally via laboratory heating tape enclosed with a high temperature ceramic heater.
The flanges on the top of the cyclone reactor are heated externally via resistance-type,
insulated heating jacket As the biomass heats in the reactor, the polymers that make up
the plant material (cellulose, hemicellulose and lignin) decompose at a molecular level,
breaking apart into smaller fragments. The solid by-product (char) is collected in an
unheated collection vessel (char collector) or on a blind flange attached to the bottom of
the reactor. The pyrolysis vapors and permanent gases exit from the top of the reactor and
are transferred to the catalytic HDO reactor through a connecter section.
The cyclone-type fast-hydropyrolysis reactor was designed based on the prototype
cyclone reactor (as explained in Chapter 2). The dimensions of this new reactor were
chosen such that the vapor residence time in the reactor could be minimized but stable
reactor performance could be maintained without any issues of clogging, especially at the
inlet of the cyclone. The entraining gas flow rate range for the new cyclone reactor (2550 std. L min-1) was decided based on saltation velocity calculations and experiments
with the prototype cyclone reactor that resulted in stable reactor performance without
clogging. The cyclone design equations and correlations for saltation velocities, in
transport of solids, that were used for designing this reactor are available in Ref. [18].In
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this new design, a downtube was incorporated to minimize by-pass of the biomass and
feed-gas stream. The inlet tube of the reactor was designed to be tangential to the cyclone
outer body (as shown in Figure 3.2) for the desired cyclonic action for separation of the
vapors from the solid (char) by-product. The inner dimensions of the cyclone reactor
were also optimized for best separation efficiency of cellulose/biomass particles from the
feed gas stream. Two thermocouple feed-through ports are available with one used for
thermocouple for measuring inner wall temperature and the other feed-through port used
for installation of a rupture disk for emergency pressure relief from the reactor. Further
details about the cyclone-type fast-hydropyrolysis reactor design are given in Appendix
A.
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Gas/Vapor flow
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Figure 3.2: Schematic of the cyclone-type fast-hydropyrolysis reactor.
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3.2.5

Connector Section

Figure 3.3 shows a schematic of the connector section. The section connects the
Class 2500 flange of the cyclone reactor to the Class 1500 flange of the HDO reactor
with a 0.5” nominal pipe size (NPS) SS316H schedule 80 pipe. The connector has two
thermocouple feedthroughs, one at each end, which is used for temperature
measurements but can also be used for gas addition/sampling with appropriate design
changes. The connector section is heated with insulated heating jackets and can be used
to adjust the temperature of the gas stream before the HDO reactor.

Welded elbow

Welded elbow

Thermocouple or gas
injection feedthrough
(0.25" OD, 0.152" ID
tubing)

0.5" NPS Schedule 80
Pipe (SS316 H)

0.5" NPS Schedule 80
Pipe (SS316 H)

6"

Thermocouple or gas
injection feedthrough
(0.25" OD, 0.152" ID
tubing)

6"

¼"
mVCR

¼"
mVCR

~1" (2.5 )

0.5"Class 1500flange

~1" (2.5 )
34.00

2" Class 2500 flange

Figure 3.3: Schematic of the connector section.
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3.2.6

Catalytic Hydrodeoxygenation (HDO) Reactor

The HDO reactor, shown in Figure 3.4, is a fixed-bed reactor with a porous metal
frit that supports the catalyst bed. The HDO reactor is connected downstream of the
hydropyrolysis reactor, through the connecter section, and connects upstream of the
condenser (as shown in Figure 3.1). In this reactor, the pyrolysis vapors get catalytically
upgraded, in the presence of hydrogen and a solid catalyst(s), to potentially form
hydrocarbons, H2O and COx. The reactor walls and flanges are heated using a laboratory
heating tape and a insulated heating jacket. The temperature of the pyrolysis vapors and
permanent gases can be adjusted prior to the HDO reactor by the heating jackets in the
connector section. Detailed design information about the HDO reactor is given in
Appendix A.
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Figure 3.4: Schematic of the fixed-bed HDO reactor.

3.2.7

Condenser and Gas-Liquid Separation

The condenser and liquid traps are designed to rapidly quench and trap the
condensable liquids from the pyrolysis vapor stream. The condensing system consists of
a concentric-tube countercurrent heat exchanger, coalescing filter and two liquid traps.
The first liquid trap, below the coalescing filter, is at room temperature and the other trap
is cooled using ice-water mixture or dry ice, to quench any residual condensable vapors.
Both the traps have plugs of glass/cotton wool at the outlets and the second trap is
additional packed, before each experiment, with ~3.5g of molecular sieve (UOP, Type
3A) for water absorption before the GC. The permanent gas and hydrocarbon stream is
then depressurized via a pneumatic backpressure regulator and split to exhaust and GC
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analysis streams with the split flow controlled using a needle valve. The overall heat
exchanger system was sized and designed based on heat transfer calculations for the
planned experiments. The condenser system can be run with or without the coalescing
filter based on the composition of oxygenates/hydrocarbons in the vapor stream. More
information about the condenser system is given in Appendix A.
Vapor Inlet

0.5" SS316H
Class 1500 flange
Tube side of condenser
0.5" NPS SS316 Schedule 80 pipe

Coolant outlet

Shell side of
condenser
1.5" OD SS 316

20"

27"

Coolant Inlet

Welded
adapter

Condenser
outlet

Figure 3.5: Schematic of the concentric-tube countercurrent heat exchanger.
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3.2.8

On-stream Gas Chromatograph

The on-stream analysis of a slipstream of permanent gases and hydrocarbons is
carried out using a Gas Chromatograph (GC). A needle valve and a rotameter are used to
control the flow rate through the GC slipstream. An Agilent 6890N Gas Chromatograph
with thermal conductivity detector (TCD), a flame ionization detector (FID) and helium
as carrier gas. The slipstream of the reactor system effluent is automatically injected
using a valve box with 0.5 ml and 3 ml sample loops. The 0.5 ml sample loop injects into
an Agilent J&W GS-Gaspro capillary column (60m x 0.32mm I.D., Catalog No. 1134362) that is connected to the FID. The 3 ml sample loop injects into a Supelco 12718-U
pre-column (3m x 2.1mm I.D.) to remove heavies from the sample stream. The precolumn is connected to the TCD using a 60/80 Supelco Carboxen-1000 packed column
(4.6m x 2.1mm I.D., Catalog No. 12390-U). Permanent gases H2, N2, CO, CO2, CH4 are
analyzed with the TCD and the C1-C8+ hydrocarbons are analyzed with the FID. Nitrogen
is used as an internal standard for the TCD analysis. Methane, which is analyzed on both
TCD and FID, is used as a common peak for connecting the TCD and FID analysis for
quantifying all the other hydrocarbons on the FID. Calibration gas mixtures have been
used for calibrating both TCD and FID and for identifying compound retention times.

3.2.9

Process Automation and Data Acquisition

The system is monitored and controlled by computer via in-house-made hardware
system based on LabVIEW compact fieldpoint (cFP-2220) and in-house-made software
based on LabVIEW 2009 package. System pressure, reactor section temperatures, heating
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elements, screw feeder servo motor and gas flows into the reactor system can be
monitored, recorded and controlled. The LabVIEW-based software code (Figure 3.7) has
been written such that heating and gas flow controls are handled by the cFP-2220
LabVIEW processor and will proceed uninterrupted if the control computer crashes
allowing the experiment to continue uninterrupted while the computer is re-booted and
brought back on-line. The LabVIEW hardware, shown in Figure 3.6, is mounted on a
standard 19” server rack and located next to the walk-in hood housing the reactor system
and connected to the control computer via ethernet cable. The screw feeder servo motor
controller connects directly to the computer via RS-232 DB-9 serial cable.

Figure 3.6: In-house-made LabVIEW hardware for process automation and data
acquisition.
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Figure 3.7: Screenshot of the in-house-made LabVIEW-based software used for
process monitoring and data recording.

3.2.10 Reactor Safety Features
To protect the system from over pressurization, pressure-relief valves and rupture
disks are placed upstream and downstream of the fast-hydropyrolysis reactor and HDO
reactor (Figure A.4). The valves are set to 90% of the maximum working pressure of the
coalescence filter i.e. 61 bar, the weakest component in the system. The rupture disks are
set at 68 bar. Emergency venting of the reactor utilizes a 0.75” stainless steel emergency
vent line that is piped directly to the roof of the laboratory building. The exit of this vent
is T-shaped with the ends of the tee pointing downwards to prevent any ice accumulation
and have metal screen covers to prevent other blockages. All pressure-relief valves and
rupture disks are connected to the emergency vent line. A normally open electronically
controlled solenoid valve, also connected to the emergency vent line, is also present for
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operator-initiated pressure relief in case of an emergency. During normal operation, gases
are vented into the upper ductwork of the fume hood using a sparger, shown in Figure 3.8,
made with 0.25” stainless steel tubing with small holes drilled in the side, perpendicular
to exhaust flow, to improve mixing of exhaust gases and dilution to minimize formation
of flammable gas mixtures at the exhaust. The flowrate of the hood is measured to be
~1200 std. ft3 min-1 and is checked annually by Radiological and Environmental
Management (REM) at Purdue University. This corresponds to a 0.15 vol% hydrogen/air
mixture in the exhaust, when flowing 50 std. L min-1 of H2, which is well below the
flammability limit of 4% H2 in air.

Visual and audible alarms are present in the

LabVIEW-based software to warn the operator of temperature or pressure in any reactor
section that are out of a safe or desired operating range.

Figure 3.8: Sparger at the reactor exhaust for proper mixing and dilution of the
gases in the fume hood duct.

The laboratory space (Forney Hall of Chemical Engineering, Room 3004) was
modified with H2 and CO detectors, emergency panic buttons and flammable gas cylinder
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cabinet for safe use of the fast-hydropyrolysis reactor system. H2 and CO gas detectors
are located inside a walk-in hood, ventilated gas cabinet, and in the lab space to detect the
presence of a leak. No high-pressure tube fittings for hazardous gases were located
outside of ventilated areas. A pitot-tube type anemometer was installed in the walk-in
hood exhaust duct to monitor the hood exhaust flow. If CO or H2 is detected in the hood
or lab space, laboratory power is lost, or if the hood stops working, normally-closed,
solenoid valves placed immediately downstream of the hazardous gas cylinders are deenergized, shutting off gas flow to the system. At the same time, the normally-open
solenoid valve connected downstream of the condenser will de-energize, exhausting the
contents of the reactor to the emergency vent line. In addition, the heating power to the
heating zones and gas mass flow controllers would also be shutoff. The system can also
be tripped via emergency panic buttons located in the laboratory space. All components
of the gas and fume hood safety system are independent of the LabVIEW-based computer
control. As an added protection in case of hydrogen fire or explosion, a level-1, bulletresistant, 0.75” thick, polycarbonate shield is present on front frame of the reactor system
to protect the laboratory personnel.
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CHAPTER 4. HIGH-PRESSURE FAST-PYROLYSIS, FAST-HYDROPYROLYSIS
AND CATALYTIC HYDRODEOXYGENATION OF CELLULOSE

A major portion of the material presented in this chapter has been published [15]
– Reproduced by permission of The Royal Society of Chemistry.

4.1

Abstract

A lab-scale, high-pressure, continuous-flow fast-hydropyrolysis and vapor-phase
catalytic hydrodeoxygenation (HDO) reactor has been successfully designed, built and
tested with cellulose as a model biomass feedstock. We investigated the effects of
pyrolysis temperature on high-pressure cellulose fast-pyrolysis, hydrogen on highpressure cellulose fast-hydropyrolysis, reaction pressure (27 bar and 54 bar) on our
reactor performance and candidate catalysts for downstream catalytic HDO of cellulose
fast-hydropyrolysis vapors. In this work, a liquid chromatography-mass spectrometry
(LC-MS) method has been developed and utilized for quantitative characterization of the
liquid products. The major compounds in the liquid from cellulose fast-pyrolysis (27 bar,
520 °C) are levoglucosan and its isomers, formic acid, glycolaldehyde, and water,
constituting 51 wt%, 11 wt%, 8 wt% and 24wt% of liquid respectively. Our results show
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that high pressures of hydrogen do not have a significant effect on the fast-hydropyrolysis
of cellulose at 480 °C but suppress the formation of reactive light oxygenate species like
glycolaldehyde and formic acid at 580 °C. The formation of permanent gases (CO, CO2,
CH4) and glycolaldehyde and formic acid increased with increasing pyrolysis temperature
in the range of 480 °C – 580 °C in high-pressure cellulose fast-pyrolysis, in the absence
of hydrogen. Candidate HDO catalysts Al2O3, 2% Ru/Al2O3 and 2% Pt/Al2O3 resulted in
extents of deoxygenation of 20%, 22% and 27%, respectively, but led to carbon loss to
gas phase as CO and CH4. These catalysts provide useful insights for other candidate
HDO catalysts for improving the extent of deoxygenation with higher carbon recovery in
the liquid product.

4.2

Introduction

Traditionally, liquid transportation fuels have been produced from fossil-based
petroleum sources. In the context of a petroleum-deprived future, it is imperative to look
for sustainable carbon sources in conjunction with more efficient process pathways for
producing high-energy-density liquid fuels. Sustainably available (SA) biomass
comprised of crop and forest residues, agriculture and municipal waste, etc. is one such
carbon source for producing liquid fuels to meet the large demand for transportation [1,3].
Agrawal et al. [12–14] suggested a sustainable H2Bioil process for conversion of biomass
to liquid fuels, where biomass is co-fed to a fast-hydropyrolysis and hydrodeoxygenation
(HDO) reactor system along with H2 produced from a carbon-free energy source like
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solar, to produce liquid fuels in a single step process. This process seems practically
realizable because of its modest estimated hydrogen consumption of 0.11 kg H2/l oil,
reasonably high estimated carbon efficiency (~70%) and estimated energy recovery (215
ege ton-1) [1]. This process is also economically attractive at a break-even crude oil price
in the range of $99/bbl to $116/bbl, based on different economic scenarios [19]. Clearly,
experimental demonstration of H2Bioil based processes could have a significant impact
on the transportation sector, which is primarily dependent on liquid fuels. This chapter
presents an experimental approach for the practical realization of the H2Bioil process.
Fast-pyrolysis involves the rapid heating of biomass at near atmospheric pressure
in an inert gas environment to temperatures of ~500 °C and subsequent condensation of
the vapors to form a liquid bio-oil [16]. This bio-oil is a high oxygen content, acidic
liquid product with energy content similar to that of the feed biomass and requires further
hydroprocessing under severe conditions to be upgraded to transportation grade fuel [8,9].
As an alternative to this two-step approach, the H2Bioil process is based on continuousflow biomass fast-hydropyrolysis, which is the rapid heating of biomass at heating rates
>100 °C/s in the presence of high pressure hydrogen, to produce hydropyrolysis vapors
which are upgraded in the vapor phase by catalytic HDO and quenched to form a highenergy-density, deoxygenated liquid product that can supplement petroleum-based liquid
fuels or potentially be used directly as a fuel. This conversion process is envisioned to
operate at high hydrogen partial pressures (up to 50 bar or higher) so the HDO reaction
rates would be higher due to increased availability of hydrogen at high partial pressures
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[6].Vapor phase catalytic upgrading is chosen to avoid secondary reactions during
condensation and revaporization of the pyrolysis vapors [6].
In the literature, there have been no systematic studies in a continuous-flow highpressure lab-scale reactor for understanding the effect of process parameters and catalysts
on fast-hydropyrolysis and direct downstream HDO. There have been some experimental
demonstrations of fixed bed batch hydropyrolysis [20–24] and batch pressurized
pyrolysis [25–28]. These studies have shown preliminary proof of the changes in
pyrolysis products with high inert pressures and the deoxygenation capability of high
pressures (>100 bar) of H2 in presence of a suitable catalyst. Pindoria et al. [29] and
Rocha et al. [30] showed that a two stage approach combining hydropyrolysis and
catalytic upgrading could lead to bio-oils with relatively low oxygen content in the
presence of an appropriate catalyst in the second stage. Zhang et al. [31] and Meesuk et
al. [32] used fluidized bed reactors with batch mode biomass feed to show that presence
of hydrogen atmosphere increased water content in the bio-oils and presence of a nickel
catalyst improved deoxygenation, respectively. Work by Melligan and coworkers [33],
with a micro-scale batch setup, showed that biomass hydropyrolysis along with catalytic
upgrading increased yields of aromatic hydrocarbons. Catalytic fast-pyrolysis, using
fluidized bed and circulating fluidized bed reactors, with zeolite catalysts leads to bio-oils
with relatively low (~21wt%) oxygen content [34] with ~25% carbon recovery as
aromatics and light olefins [35]. It has been proposed, however, that supplementary
hydrogen would be required to further improve the carbon recovery and deoxygenation
[1]. There have been studies on continuous-flow catalytic hydropyrolysis [36,37], which
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have claimed the production of a fungible hydrocarbon product from biomass using a
fluidized bed reactor, but they do not use detailed liquid product composition
characterization to look at the effects of high pressure (up to 50 bar), presence of
hydrogen, hydropyrolysis temperature and catalysts.
In this chapter, we present the design and construction of a continuous-flow highpressure reactor for fast-hydropyrolysis followed by a downstream vapor-phase catalytic
HDO reactor. We also present results from experiments that were designed to
systematically understand the effect of temperature on fast-pyrolysis, the presence of
hydrogen in fast-hydropyrolysis, reactor performance with reaction pressure (27 bar and
54 bar), and the effect of different candidate downstream HDO catalysts. We have
developed and used a liquid-chromatography-mass spectrometry (LC-MS) method for
detailed characterization and quantitative analysis of the liquid products from the
experiments. Cellulose, which constitutes about 35-50% of the whole lignocellulosic
biomass [7], was used as a biomass model compound for all the experiments reported in
this chapter. This reactor system has been successfully tested with real biomass
feedstocks as well, but, cellulose as a feedstock produces a simpler set of pyrolysis
products as compared to whole biomass, which aided in the systematic understanding of
the effect of different reaction conditions on the products.
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4.3

Experimental Methods
4.3.1

Reactor Design 6

The reactor system designed, built and used for this study is shown in Figure 4.1. The
process flow diagram of the setup is shown in thesis Appendix Figure A.4. Most of the
detailed reactor design aspects for this reactor system are discussed in Chapter 3 and
Appendix A, and, hence, only the important aspects are specified in this section. This is a
continuous-flow, lab-scale, high-pressure fast-hydropyrolysis (FHP) reactor with a
downstream vapor-phase, fixed-bed catalytic hydrodeoxygenation (HDO) reactor. This
reactor system was designed for use at high temperatures (up to 650 °C for FHP reactor
and up to 500 °C for the HDO reactor) and high-pressures (up to 100 bar) with the
capability of operating in an inert (He or He plus N2) or hydrogen environment. The
materials of construction are stainless steel grades 316, 316H and 347. All the
connections that operate at high temperature are made with standard American Society of
Mechanical Engineers (ASME) flanges rated above at least 100 bar at the highest
operating temperature of the component. The reactor design is based on ASME B16.5
flange standards and B31.3 process piping codes. Hydrogen safety systems (Figure A.4)
like hydrogen detectors, automatic shut-off valves, redundant pressure relief and
emergency exhaust were included in the reactor system for safe use of high-pressure
hydrogen

6

Work performed along with Dr. Andrew Smeltz
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Figure 4.1: 3D model sketch of the reactor system.

The gas/vapor residence time in the fast-hydropyrolysis reactor is about 2-5
seconds and the overall residence time for the complete reactor system is about 15-35
seconds. Biomass or model biomass feedstock, such as cellulose, is fed to the reactor
system using an in-house-built high-pressure biomass screw feeder (Figure A.1) capable
of feeding at the rates of 0.1-20 g min-1. The feedstock is entrained in a flow of hydrogen
and inert gases, with a total gas flow rate of ~30-40 std. L min-1, for feeding into the FHP
reactor. The FHP reactor is an ablative cyclone-type pyrolysis reactor that is specially
designed and optimized for high-pressure operation. Design factors for the cyclone
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reactor such as vapor residence time, particle residence time, reactor dimensions, inlet
location and angle were optimized for best reactor performance based on the testing of a
series of prototype reactors and work reported in the literature [17] for near atmosphericpressure fast-pyrolysis of biomass. In the FHP reactor, the char is collected below the
reactor in the char collector, and the vapors exit from the top of the reactor. The vapors
then move through a transfer section to the downstream fixed-bed vapor-phase catalytic
HDO reactor where they are upgraded. The upgraded vapor products are condensed with
a concentric tube heat exchanger. Most of the products are condensed in the first stage,
which is a coalescing filter. Residual vapors are condensed in the second stage,
comprised of a liquid trap cooled with a mixture of ice and water. Liquids from both the
collection stages are mixed together for analysis of the final liquid product. After liquid
product separation, the remaining permanent gases are analyzed using an on-stream gas
chromatograph (GC) with nitrogen as an internal standard. The reactor system is
monitored and controlled by a custom in-house-built process control system based on
LabVIEW. Detailed design information about the reactor system is discussed in Chapter 3
and Appendix A of this thesis.

4.3.2

Experimental Approach

High-pressure cellulose fast-pyrolysis experiments (Table 4.1) were conducted at
different temperatures (480 °C to 580 °C) at 27 bar pressure of inert gas (25 bar helium
and 2 bar nitrogen). Experiments were also conducted at 54 bar of total inert gas pressure
(50 bar helium and 4 bar nitrogen) to examine the effect of reaction pressure on reactor

49
performance. High-pressure cellulose fast-hydropyrolysis experiments (Table 4.2) were
conducted at 25 bar and 50 bar of hydrogen partial pressure (total pressure of 27 bar and
54 bar, respectively, including 2 bar and 4 bar nitrogen as an internal standard for onstream GC analysis) at 480 °C hydropyrolysis temperature. Experiments were also
conducted at 580 °C hydropyrolysis temperature to understand the effect of hydrogen at
the highest temperature in the temperature range chosen. The gas/vapor residence time in
the fast-hydropyrolysis reactor was ~2 seconds and ~4 seconds for all 27 bar and 54 bar
experiments, respectively.
The experiments with vapor-phase downstream catalytic HDO (Table 4.3) were
conducted at a fast-hydropyrolysis temperature of ~550 C and a catalyst bed temperature
of ~375 C. Commercially available candidate catalysts were chosen for comparison of
extent of deoxygenation (Equation 4.1) and effect on the overall product distribution and
yields. The catalysts tested were transition metals Ruthenium (Ru) and Platinum (Pt)
supported on -alumina ( -Al2O3, henceforth referred to as Al2O3). The catalysts were
reduced in situ with flowing hydrogen at 375 C for 2 hours prior to each experiment.
Al2O3 was also tested to understand the effect of support independently.

(4.1)
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Table 4.1: Experimental conditions and product distribution 7 summary for experiments of
cellulose fast-pyrolysis.

7

Error in product distribution~ ±5-10%
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Table 4.2: Experimental conditions and product distribution 8 summary for experiments of
cellulose fast-hydropyrolysis without HDO catalyst.

8

Error in product distribution~ ±5-10%
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Table 4.3: Experimental conditions for experiments of catalytic HDO of cellulose fasthydropyrolysis vapors and base case experiment without HDO catalyst.

Figure 4.2: Schematic of overall cellulose conversion pathway.
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The overall cellulose conversion pathway is shown in Figure 4.2. The cellulose
feed rate was ~0.8-0.9 g min-1 in all the experiments. The overall mass balance in all the
experiments was 80-95%. The unaccounted fraction is attributed to product collection
losses during, and after, the high-pressure experiments due to gas/vapor product dilution
as a result of high feed gas standard condition flow rates needed for low reactor residence
times. The typical experimental error in all the product distributions was ~±5-10%
(standard deviation) based on duplicate repeats of experiments. The experiments were
typically conducted for about 1 hour. After each experiment, the reactor was
depressurized, liquid and solid products and the remainders of the feed in the screw
feeder were weighed, and catalyst coke yield was measured through catalyst weight gain.
All these data were used to check the overall mass balance. The total liquid product was
the sum of liquid products collected in the two traps, weight change of coalescing filter
element and liquid holdup in the reactor. The liquid holdup in the reactor system was
calculated by flushing solvent (ethanol) through the reactor after each experiment and
evaporating the solvent at room temperature to measure the residue.

4.3.3 Liquid Product Analysis
The liquid products from the different experiments were analyzed by several different
analytical techniques. They were first analyzed for the elemental (C, H, O) composition
and water content through Karl Fisher titration, both performed by Galbraith Laboratories
(Knoxville, TN). The carbon and hydrogen contents were measured by combustion
techniques and the oxygen content was calculated based on difference. The elemental
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analysis and water content were used to calculate a dry basis elemental composition of
the liquid products and for calculating the extent of deoxygenation on a dry basis. Then,
for the quantitative characterization of the liquid product, we have developed a liquid
chromatography-mass spectrometry (LC-MS) analytical method.

4.3.4

Liquid-chromatography mass-spectrometry (LC-MS) method development 9
Methods using gas chromatography-mass spectrometry (GC-MS) are excellent for

performing analysis of compounds with atmospheric pressure boiling points of up to
300 °C, but can cause thermal degradation during the volatilization of species that are
non-volatile at these temperatures. Thus methods in which these lower volatility species
could be analyzed without degradation were desired. Indeed, several publications have
indicated the presence of oligomeric anhydro-saccharides in the pyrolysis product
distribution [38–40]. Hence, this LC-MS method was developed specifically for its
ability to separate oligomeric sugars, monomeric sugars, and furan related compounds
such as 5-hydroxymethylfurfural, and furfural, while remaining stable in the acidic
medium typical of the cellulose fast-pyrolysis liquid products [7]. We have tested this
method using oligomeric anhydro-saccharides up to 3 units in length (cellotriosan, 1,6anhydro- -D-cellotriose). This method was specifically developed for analysis of
pyrolysis products from the cellulose fraction of whole biomass, and could also be useful
with the hemicellulose pyrolysis product fraction. We note, however, that this method
may not be applicable as-is for lignin pyrolysis products due to their lower polarity.
9

Work performed along with John Degenstein
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For the LC-MS analysis, an Agilent 1200 LC with an Ultraviolet/Visible (UV/VIS)
diode array detector and a refractive index detector (RID) and an Agilent (Santa Clara,
CA) single quadrupole mass spectrometer with an atmospheric pressure chemical
ionization (APCI) source were used. A Rezex ROA LC column supplied by Phenomenex
(Torrance, CA) with a 300mm column length (Part No. 00H-0138-K0) was used with
0.1wt% formic acid in water as the mobile phase. The recommended mobile phase for
this column is 0.005N H2SO4 in high purity water, but to improve compatibility with the
mass spectrometer, the acid was changed to 0.1wt% of formic acid (in high purity water)
for enhanced volatility and reduced corrosivity. This mobile phase was pumped
isocratically at 0.5 ml min-1, after vacuum degassing, through the column which was
maintained at 80°C. The RID sample and reference cells were controlled at 55 C and the
reference cell was purged before every analysis.
The chloride anion attachment based atmospheric pressure chemical ionization
(APCI) method reported by Vinueza et al. [41] for analyzing sugar-based compounds has
been used in this study for identification of compounds ionizable with this technique. The
ionization conditions (Agilent instrument) were defined by the APCI source operated at
300°C with a N2 flow of 5 L min-1
capillary voltage of 3000 V, and fragmentor voltage of 2 V. Figure A.5 (Appendix A)
shows the schematic of the LC-MS setup along with the syringe pump that was used for
the injection of an equal volume mixture of methanol and chloroform for the chloride
attachment of the ions. The RID was calibrated for 14 compounds as shown in Table A.1
and Figure A.6. The 14 compounds were chosen based on work in the literature that
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reported on the pyrolysis products of cellulose analyzed mainly with a gaschromatography-mass-spectrometry (GC-MS) technique [38,42,43]. The retention times
of the compounds in the LC-MS, based on pure compound injections, and their mass
spectra were used for identification of the compounds. All the experimental liquid
product samples were diluted 100 times in the mobile phase and a 10

L injection

volume was used. All the samples were analyzed with duplicate repeats to calculate the
analytical errors.

4.3.5

Materials

The cellulose feedstock used in all experiments was 50

m microcrystalline

cellulose from Sigma Aldrich (St Louis, MO). Ultra high purity (99.999%) grade
hydrogen, high purity (99.995%) grade helium and high purity (99.995%) grade nitrogen
were used for the experiments. We note that in all experiments nitrogen is added as an
internal standard gas. Catalysts used in this study were Al2O3 (Sasol, 1.8 mm diameter
extrudates), 2% Pt/Al2O3 (Alfa Aesar, 2.5 mm diameter trilobes) and 2% Ru/Al2O3 (Alfa
Aesar, 3.2 mm diameter extrudates). Pure compounds for LC-MS calibration viz.
levoglucosan (1,6-anhydro- -D99
(2-

from

-hydroxymethyl furfural (5-

Sigma

Aldrich.

Cellobiosan

levogalactosan (1,6-anhydro- -D-

(1,6-anhydro- -D-dianhydro- -D-
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purchased from Carbosynth Limited (Compton, Berkshire, UK).

4.4
4.4.1

Results and Discussion

High-pressure cellulose fast-pyrolysis products

Figure 4.3 shows a typical liquid product composition, based on the LC-MS
analysis, from a high-pressure fast-pyrolysis experiment at 27 bar total inert pressure and
520 °C pyrolysis temperature (Run 2 in Table 4.1). The most abundant compounds seen
were levoglucosan and its isomers (~51wt% of the liquid), light oxygenates like
glycolaldehyde (~8wt% of the liquid), formic acid (~11wt% of the liquid),
hydroxyacetone (~1wt% of the liquid) and a small amount (~1wt% of the liquid) of
cellobiosan. No oligomers higher than the anhydrosugar dimer (cellobiosan) were seen in
the liquid product. Water constituted ~24wt% of the total mass of the liquid product.
With the 15 compounds (including water), about 95% of the total mass of the liquid
product can be accounted for. The overall mass balance for this experiment was ~91%
with a liquid yield of ~69 wt% of the feed cellulose, char yield of ~12 wt% of the feed
cellulose and permanent gas yield of ~10 wt% of the feed cellulose, shown in Table 4.1.
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Figure 4.3: (a) Bar graph showing typical liquid product composition data, from
LC/MS analysis, of cellulose fast-pyrolysis at 27 bar total inert pressure in the cyclonetype reactor used in this study. (b) Bar graph showing liquid product composition data of
cellulose fast-pyrolysis at 1 bar inert pressure in a fluidized bed reactor, from Patwardhan
et al. [38]

Figure 4.3 (a) and (b) show a comparison of the high-pressure (27 bar) cellulose
fast-pyrolysis liquid product composition from this cyclone-type reactor with previously
reported results on a fluidized bed reactor, at 1 bar reaction pressure, in Patwardhan et al.
[38]. The vapor residence time in the cyclone-type reactor, at 27 bar, is ~2 seconds and
comparable to the vapor residence time in the fluidized bed reactor in Patwardhan et al.
[38]. The composition of levoglucosan, glycolaldehyde, formic acid, hydroxyacetone and
furfural in the product agrees closely with the previously reported results [38] despite the
differences in the fast-pyrolysis reactor configurations and reaction pressure. However,
the composition of water and cellobiosan (anhydro sugar oligomers) in the liquid product
differed from those reported in Patwardhan et al. [38]. The higher content of water in the
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liquid product from this reactor is due to higher char yield of ~12 wt% of feed cellulose
versus ~2 wt% of feed cellulose in their study [38]. We note that this difference in char
formation cannot be solely attributed to the difference in reaction pressure because the
reactor configurations (cyclone-type vs. fluidized bed) could play an important role. In a
later section, we provide a potential explanation for the increase in char yield (and
corresponding increase in water yield) with increase in reaction pressure (25 bar to 50 bar)
with this cyclone-type fast-pyrolysis reactor configuration. The higher production of
oligomeric sugars in the previously reported fluidized bed reactor was explained by
additional secondary reactions in their reactor [38] as compared to the ablative cyclonetype reactor used in this study which produced a lower yield of oligomeric anhydrosugars. Moreover, the LC-MS technique developed and used for this study measures the
content of oligomeric anhydro-sugars directly and does not rely on acid-hydrolysis for
their measurement, as used in their study [38]. The liquid product from cellulose fastpyrolysis is a complex mixture of reactive compounds, and acid-hydrolysis or
derivatization may cause additional undesired reactions during analysis. Thus, the origin
of these differences in the production of oligomers from different reactors and operating
conditions needs further study.

4.4.2

Effect of temperature in high-pressure cellulose fast-pyrolysis

Figure 4.4 shows the increase in the formation of light oxygenate molecules like
glycolaldehyde and formic acid and the decrease in the formation of levoglucosan and its
isomers as the pyrolysis temperature increases from 480 °C to 580 °C. Figure 4.5 shows
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that the gas yield increases and the liquid yield decreases with increasing temperature of
fast-pyrolysis or fast-hydropyrolysis. As shown in Figure 4.4 and Table 4.1, there was no
trend in the char yield, and corresponding water yield, with the fast-pyrolysis temperature,
within experimental error.

Figure 4.4: Graph showing trends in content of light oxygenate molecules,
levoglucosan and its isomers in the liquid products from cellulose fast-pyrolysis at 480°C,
520°C, 550°C and 580°C. All runs were at 25 bar in helium at a total inert pressure of 27
bar.
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Figure 4.5: Variation of liquid and gas yields with pyrolysis temperature in highpressure cellulose fast-pyrolysis and cellulose fast-hydropyrolysis at 27 bar total pressure.

In this temperature range of 480 °C to 580 °C, the formation of light oxygenates
like glycolaldehyde and formic acid increases and formation of levoglucosan and its
isomers decreases in high-pressure cellulose fast-pyrolysis (Figure 4.4), consistent with
work in the literature on cellulose fast-pyrolysis at atmospheric pressure [44]. The
corresponding increase in yield of permanent gases and decrease in the yield of liquid
(Figure 4.5), is similar to results in the literature on atmospheric pressure fast-pyrolysis
[7]. The increase in the yield of light oxygenates and permanent gases with increasing
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pyrolysis temperature has been attributed to secondary thermal cracking of the primary
pyrolysis vapors [7,16,38,44].

4.4.3

Effect of hydrogen in cellulose fast-hydropyrolysis and comparison of reactor
performance with reaction pressure, at 480 °C
At 25 bar helium or hydrogen partial pressure and 480 °C pyrolysis temperature,

the LC-MS identification and quantification showed no significant differences in the
composition of the liquid product from cellulose fast-pyrolysis versus fast-hydropyrolysis
(Figure 4.6). Also, there are no significant differences, within experimental error, in the
product yields of solids, liquids and gases (Table 4.1 and Table 4.2) from the experiments
at 25 bar helium or hydrogen partial and 480 °C pyrolysis temperature.
At 50 bar helium or hydrogen partial pressure and 480 °C pyrolysis temperature,
there were also no significant differences seen, within analytical error of the LC-MS
method, in the compositions of the liquid products from fast-pyrolysis and fasthydropyrolysis (Figure 4.6). In the 50 bar experiments there was higher char yield and
corresponding water yield as compared to the 25 bar experiments in both fast-pyrolysis
and fast-hydropyrolysis, but the permanent gas yields were comparable (Table 4.1 and
Table 4.2).
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Figure 4.6: Bar graph showing differences in liquid product composition between
fast-pyrolysis (25 bar He, 50 bar He) and fast-hydropyrolysis (25 bar H2, 50 bar H2) at 27
bar and 54 bar total pressure with 480 °C pyrolysis temperature.

The lack of an effect of hydrogen shows that at these pyrolysis conditions
hydrogen molecules are not sufficiently activated to enter the reaction mechanism. The
liquid, char and gas yields at 50 bar helium as compared to 50 bar hydrogen partial
pressure were comparable, within experimental error. In the 50 bar experiments, however,
in both the helium and hydrogen environments there was a significant increase in char
formation as compared to the 25 bar experiments (Table 4.1 and Table 4.2). Thermal
conductivities of hydrogen and helium are nearly independent of pressure at 480°C. Since
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the char yields are similar between the experiments with hydrogen and helium at the
same pressure, we conclude that the gas thermal conductivity is not the main reason for
the char increase from 25 bar to 50 bar. Hence, this difference in char yields in the 50 bar
versus 25 bar experiments is attributed to the difference in the hydrodynamics of the
entrained cellulose particles and feed gas at 25 bar versus 50 bar. At 50 bar pressure the
hydrodynamics are different than at 25 bar because the reactor inlet feed gas velocity
(feed cellulose entraining velocity) at 50 bar was half of that at 25 bar since both were fed
at the same standard condition total feed gas flow rate (~38 std. L min-1). The cyclone
radial velocity, as calculated based on reactor inlet feed gas velocity and fluid properties
at operating conditions [18], is lower in the 50 bar experiments as compared to the 25 bar
experiments. Hence, the lower cyclone radial velocity leads to a decrease in the number
of cellulose particles that impinge on the heated inner walls of this cyclone-type reactor.
The particles that do not impinge the wall experience a lower heating rate since the gassolid heating rate is lower than solid-solid heating rate, which leads to higher char
formation. Higher char formation in the 50 bar experiments leads to higher water content
and lower content of levoglucosan and its isomers in the liquid products as compared to
25 bar experiments.

4.4.4

Effect of hydrogen in cellulose fast-hydropyrolysis at 580°C

While hydrogen had no significant effect at 25 bar partial pressure and 480 °C,
there were differences in the liquid product composition between fast-pyrolysis versus
fast-hydropyrolysis at 580 °C (Figure 4.7). At this higher temperature, yield of reactive
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light oxygenates like formic acid and glycolaldehyde decreased in the presence of
hydrogen. The reaction of hydrogen with these reactive oxygenates at these higher
temperatures leads to higher water content in the fast-hydropyrolysis liquid product as
compared to the fast-pyrolysis case (Figure 4.7). However, we note that the movement of
carbon, due to suppression of reactive light oxygenates, could not be conclusively tracked,
with the 14 identified compounds on the LC-MS method, for the comparison at 580 °C.
The product yields of liquids, char and gases were comparable, within experimental error,
for fast-pyrolysis versus fast-hydropyrolysis at 27 bar total pressure at 580 °C (Table 4.1
and Table 4.2).

66

Figure 4.7: Graph showing differences in content of light oxygenate molecules,
water, levoglucosan and its isomers in the liquid products from cellulose fast-pyrolysis
and fast-hydropyrolysis at 580 °C pyrolysis temperature and 27 bar total pressure.

4.4.5 Effect of candidate catalysts for HDO of cellulose fast-hydropyrolysis vapors
Table 4.3 shows the experimental conditions, while Figure 4.8 (a) and (b) show
the product yields and gas phase compositions for base case fast-hydropyrolysis with no
HDO catalyst and fast-hydropyrolysis runs with Al2O3, 2% Ru/Al2O3 and with 2%
Pt/Al2O3 in the downstream vapor-phase HDO reactor. Figure 4.9 shows the differences
in the liquid product composition from these experiments and Figure 4.10 shows the
conversions of levoglucosan and its isomers, glycolaldehyde and formic acid in the
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presence of the different candidate HDO catalysts as compared to the base case fasthydropyrolysis with no HDO catalyst. We note that conversions on this basis show the
ability of the HDO reactor to further deoxygenate the effluent from the fasthydropyrolysis reactor.

Table 4.4: Elemental analysis (carbon, hydrogen and oxygen), water content, H/C ratio,
O/C ratio and calculated extent of deoxygenation (dry basis) from fast-hydropyrolysis
(FHP) experiments with candidate HDO catalysts and base case comparison with FHP
experiment without HDO catalyst. Dry cellulose: (H/C) = 1.67, (O/C) = 0.83.
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Table 4.4 shows the elemental analysis (carbon, hydrogen and oxygen), O/C and
H/C ratios on a dry basis, water content of the liquid product and calculated extent of
deoxygenation (Equation 4.1) on a dry basis for these experiments with different
candidate HDO catalysts.
The water content in the liquid product progressively increased in the presence of
Al2O3, 2% Ru/ Al2O3 and 2% Pt/Al2O3 as compared to the base case without catalyst. The
oxygen content on dry basis in the liquid product progressively decreased in the same
order of Al2O3, 2% Ru/Al2O3 and 2% Pt/Al2O3 as compared to the base case without
catalyst. The O/C ratio also decreased in the same order. The H/C ratio was the highest in
the case of the Pt catalyst. The extent of deoxygenation on a dry basis, in the liquid
product as compared to the feed, increased from ~14%, in the base case, to ~20% in the
presence of the Al2O3 catalyst, ~22% with the Ru catalyst and ~27% with the Pt catalyst
(Table 4.4).
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(a)

(b)
Figure 4.8 Comparison of (a) product yields and (b) gas phase compositions from
fast-hydropyrolysis with no HDO catalyst and fast-hydropyrolysis with Al2O3, 2%
Ru/Al2O3, 2% Pt/Al2O3 candidate HDO catalysts. Reaction conditions: Base case
experiment with no HDO catalyst: PH2= 17 bar, Ptotal = 27 bar, fast-hydropyrolysis
temperature = ~580 °C; Experiments with candidate HDO catalysts: PH2 = 9 bar, Ptotal =
27 bar, catalyst bed temperature = ~375 °C, weight hourly space velocity (WHSV) = ~9
hr-1, fast-hydropyrolysis temperature = ~550 °C.

70

Figure 4.9: Comparison of liquid product compositions from fast-hydropyrolysis
with no HDO catalyst and fast-hydropyrolysis with Al2O3, 2% Ru/Al2O3, 2% Pt/Al2O3
candidate HDO catalysts. Reaction conditions: Base case experiment with no HDO
catalyst: PH2= 17 bar, Ptotal = 27 bar, fast-hydropyrolysis temperature = ~580 °C;
Experiments with candidate HDO catalysts: PH2= 9 bar, Ptotal = 27 bar, catalyst bed
temperature = ~375 °C, weight hourly space velocity (WHSV) = ~9 hr-1, fasthydropyrolysis temperature = ~550 °C.
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Figure 4.10: Comparison of conversions of levoglucosan and its isomers,
glycolaldehyde and formic acid in fast-hydropyrolysis with Al2O3, 2% Ru/Al2O3 and 2%
Pt/Al2O3 candidate HDO catalysts as compared to base case fast-hydropyrolysis with no
HDO catalyst.

The liquid and permanent gas yields (Figure 4.8(a)) in the presence of Al2O3 were
similar to those in the base case experiment. The total solids (char and coke on the
catalyst) yield was higher in presence of Al2O3 due to coking on the Al2O3 surface. The
liquid yields in the experiments in the presence of the Ru and Pt catalysts were lower than
for the base case due to loss of carbon to the gas phase in the form of methane and CO
respectively. The yield of methane (Figure 4.8(b)) in the gas phase increased from ~1wt%
of feed cellulose in the base case to ~9wt% of feed cellulose in the presence of the 2%
Ru/Al2O3 catalyst. The yield of CO in the gas phase increased from ~10wt% of feed
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cellulose in the base case to ~25wt% of feed cellulose in the presence of the 2% Pt/Al2O3
catalyst.
The comparison of liquid product compositions from these experiments (Figure
4.9) showed that the content of levoglucosan and its isomers, glycolaldehyde and formic
acid progressively decreased in the presence of Al2O3, 2% Ru/ Al2O3 and 2% Pt/ Al2O3 as
compared to the base case without catalyst. The conversion of levoglucosan and its
isomers (Figure 4.10) increased from ~26% both in the presence of Al2O3 and 2%
Ru/Al2O3 to ~48% in presence of 2% Pt/Al2O3.

Similarly, the conversion of

glycolaldehyde and formic acid also increased in the order of Al2O3 < 2% Ru/Al2O3 <
2%Pt/Al2O3. The total contents of other identified compounds (Figure 4.9) were similar
between all the candidate HDO catalysts experiments and the base case.
In the downstream vapor-phase catalytic HDO experiments the predominant
reaction pathways were dehydration on Al2O3, methanation on Ru and decarbonylation
on Pt. Al2O3 is known to promote acid catalyzed dehydration reactions [45,46], which
lead to higher water content in the liquid products and higher coking of the Al2O3 surface
by the resulting olefins. Coking was avoided on the Al2O3 supported Pt and Ru catalysts
because they favor hydrogenation on the metal site after the dehydration on the Al2O3.
Both Pt and Ru favor C-C bond cleavage reactions that lead to loss of carbon to the gas
phase, in the form of carbon monoxide in the case of Pt and methane in the case of Ru, at
the expense of levoglucosan and its isomers and reactive light oxygenates, and hence lead
to lower liquid yields with both the catalysts. The Pt catalyst showed the highest extent of
deoxygenation (~27%) but also lead to the lowest carbon recovery in the liquid product.
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Among these experiments, the liquid product with the Pt catalyst had the highest H/C
ratio due to the hydrogenation promoted by Pt. The Pt catalyst also resulted in the highest
conversion of levoglucosan and its isomers (~48%) and the reactive light oxygenates of
glycolaldehyde (~94%) and formic acid (~91%) as compared to the base case fasthydropyrolysis without a HDO catalyst.
In an attempt to improve the conversion of the oxygenates and improve the extent
of deoxygenation, the 2% Pt/Al2O3 catalyst was tested at a lower WHSV of 2.5 hr-1, with
other process conditions comparable to Run 11 in Table 4.3. Lowering of space velocity
with the 2% Pt/Al2O3 led to an increase in selectivity towards decarbonylation and
increased the degree of deoxygenation in the liquid product only marginally to ~30%.
Hence, there was a lower carbon recovery in the liquid product due to a higher yield of
CO.
Overall, none of these catalysts is an ideal choice for HDO catalysis in the
H2Bioil process because they lower the carbon recovery in the liquid product as
compared to fast-hydropyrolysis without a HDO catalyst. Ideal choices for catalysts for
H2Bioil process need to have a balance of acid and metal functionalities, where the acid
sites promote dehydration of the OH groups to remove oxygen as water and the metal
sites aid in hydrogenation with chemisorbed hydrogen. In addition, the ideal metal sites
should favor C-O hydrogenolysis reactions rather than other pathways like C-C
hydrogenolysis, decarbonylation and decarboxylation that lead to loss of precious carbon
atoms to the permanent gas products.

74
One of the interesting options for promoting C-O bond scission reaction is to try a
bimetallic catalyst, with a combination of a reducible metal along with an oxophillic
promoter metal. Bimetallic catalyst combinations such as RhRe, RhMo, PtMo and PtRe
have been suggested for C-O hydrogenolysis reactions of oxygenates [47]. Also,
computational studies [48] have suggested that Pt-based bimetallic catalysts have a lower
barrier for molecular H2 dissociation as compared to Pd-based bimetallics. In recent work,
PtMo-based catalysts have been reported to favor C-O bond scission reactions in aqueous
phase reforming applications [49,50]. Hence, some of these candidate bimetallic catalysts,
especially the PtMo catalyst, could be tested for the HDO of fast-hydropyrolysis vapors.

4.5

Conclusions

A high-pressure continuous-flow fast-hydropyrolysis and downstream vaporphase catalytic hydrodeoxygenation (HDO) reactor was successfully designed, built, and
used to convert cellulose as a model biomass feedstock. A liquid chromatography-mass
spectrometry

(LC-MS)

based

method

was

also

developed

for

quantitative

characterization of cellulose pyrolysis liquid products. Experiments show that the
formation of permanent gases and light oxygenate species like glycolaldehyde and formic
acid increased with increasing pyrolysis temperature in high-pressure fast-pyrolysis. In
cellulose fast-hydropyrolysis, hydrogen was not active at a temperature of 480 °C, even
up to 50 bar of hydrogen partial pressure and thus gave no differentiation in performance
relative to fast pyrolysis in inert atmosphere. At a higher temperature of 580 °C, however,
the presence of high-pressure hydrogen suppresses the formation of light oxygenate
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species like glycolaldehyde and formic acid. In our reactor system, increasing reaction
pressure from 27 bar to 54 bar, at the same standard feed gas flow rate, led to higher char
yields which was attributed to a lower overall rate of heat transfer. Candidate HDO
catalysts Al2O3, 2% Ru/Al2O3 and 2% Pt/Al2O3 improved the extents of deoxygenation of
the cellulose fast-hydropyrolysis vapors, but these catalysts are not the ideal choices for
the H2Bioil process, because they favor C-C bond cleavage and lower the carbon
recovery in the liquid product. Hence, these results suggested that candidate bimetallic
catalysts, especially the PtMo catalyst, could be tested for HDO of fast-hydropyrolysis
vapors from cellulose for improving the extent of deoxygenation to form hydrocarbons
with high carbon recovery in the liquid fuel range, as discussed further in Chapter 5.

76

CHAPTER 5. DIRECT PRODUCTION OF HYDROCARBONS FROM CELLULOSE
AND INTACT BIOMASS

Portions of the material presented in this chapter have been accepted as part of a
publication to Green Chemistry [51] – Reproduced by permission of The Royal Society
of Chemistry.

5.1

Abstract

Proof-of-concept of a novel consecutive two-step biofuel process (H2Bioil), based
on fast-hydropyrolysis and downstream vapor-phase catalytic hydrodeoxygenation
(HDO), to produce liquid fuel range (C4+) hydrocarbons with undetectable oxygen
content, from cellulose and an intact biomass (poplar) is presented in this chapter. The
carbon recovery as C1-C8+ hydrocarbons is ~73% (C4+ ~55%) from cellulose and ~54%
(C4+ ~32%) from poplar. Advantages of independent control of fast-hydropyrolysis and
HDO temperatures, along with synergistic process integration aspects are also discussed.
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5.2

Introduction

The world consumption of liquid fuel was about ~87 million barrels per day in
2010 [52]. Presently, most of this liquid fuel is produced from non-renewable fossilbased resources [52]. An alternative source of carbon is sustainably available biomass,
which has an estimated availability of ~498 million tons to in excess of a billion tons
[1,3,4]. But, the challenge is to develop biomass conversion processes capable of
producing the high energy density drop-in hydrocarbons that are required for
transportation, with minimal processing steps for large-scale implementation at low cost.
One of the viable process options to convert biomass into an oxygenated liquid product is
fast-pyrolysis. Fast-pyrolysis involves rapid heating of biomass in an inert environment to
temperatures of about 500 C, with a typical vapor residence time of 1-2 seconds, to
produce vapors that are quenched to form a liquid product called bio-oil [7]. The bio-oil
product is not suitable as a liquid transportation fuel, however, due to its low energy
density, high oxygen content, and acidity [53]. It needs to be hydrotreated at 100-200 bar
pressure [54], to produce a hydrocarbon liquid product with low oxygen content. This
bio-oil hydrotreating process is also disadvantageous due to issues of catalyst coking and
reactor plugging during revaporization of the condensed bio-oil [55].
As an alternative process to produce a hydrocarbon fuel, Agrawal et al. [6,12–14]
have proposed the H2Bioil process based on biomass fast-hydropyrolysis (FHP)
combined with vapor-phase catalytic hydrodeoxygenation (HDO). In this process, the
biomass is rapidly heated in a high-pressure (up to 200 bar) hydrogen environment to
produce

fast-hydropyrolysis

vapors,

which

are

sequentially

catalytically
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hydrodeoxygenated to produce hydrocarbons. The key concept is to upgrade the reactive
oxygenate molecules by vapor-phase catalytic hydrodeoxygenation before any
undesirable secondary reactions can take place during condensation of the bio-oil mixture.
The high pressure of hydrogen was envisioned to be needed for high rates of HDO
reaction [6], similar to hydrotreating processes used in a petroleum refinery [56], and
would also help in avoiding coking on the catalyst. The H2Bioil process has been
modeled and is estimated to have a high carbon efficiency (~70%) and high energy
recovery (215 ege ton-1) [1]. Economic analysis of this process has revealed that this
process can be economically attractive [19] and is also favorable for small as well as
large scale applications for transportation fuel production due to its ability to produce
hydrocarbons in a single step. Clearly, an experimental validation of this process has a
potential to have a positive impact on the biofuels sector.
In the literature [34–37,57], pyrolysis-based processes viz. catalytic pyrolysis and
catalytic hydropyrolysis have been reported for producing hydrocarbons from biomass.
Catalytic pyrolysis processes using zeolitic catalysts have resulted in carbon recoveries of
about ~25% as hydrocarbons, mainly as light olefins and aromatics, but is limited by
coking

and

concomitant

catalyst

deactivation

[34,35,57].

Recently,

catalytic

hydropyrolysis studies [36,37] have shown the production of hydrocarbons in the
gasoline and diesel range, which has partially validated the ideas reported by Agrawal et
al. [6,12–14]. These studies, however, do not report information about the proprietary
catalysts used in the process or the chemical composition of the hydrocarbons. Moreover,
catalytic pyrolysis/hydropyrolysis are processes based on ‘in situ’ catalysis due to which
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the pyrolysis and catalysis processes such as catalytic hydrodeoxygenation are
constrained by the same reaction conditions (e.g. same temperature) even though the
optimum conditions for each of the process steps might be different. Whereas, in the
H2Bioil process, the downstream vapor-phase catalytic hydrodeoxygenation, recently
referred to as ‘ex situ’ [58,59], allows for independent control of the hydropyrolysis and
catalysis at their respective optimum conditions (reaction temperatures, pressures and
catalysts) for tailoring the yields and selectivities of the hydrocarbon products.
In this chapter, we report results from the continuous-flow cyclone-type fasthydropyrolysis

(FHP)

reactor

system

with

on-stream

vapor-phase

catalytic

hydrodeoxygenation (HDO) [15]. We have been able to successfully achieve proof-ofconcept of the H2Bioil process using a solid biomass model compound, cellulose, and an
intact biomass feedstock, poplar, to produce hydrocarbons by complete HDO. We report
experiments at an optimum set of process conditions, tested thus far, with both cellulose
and poplar, to demonstrate the capabilities of this process. We also discuss the effects of
independent control of fast-hydropyrolysis and HDO temperatures with the cellulose
feedstock.
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5.3

Experimental Methods

Figure 5.1: Schematic of the fast-hydropyrolysis (FHP) and catalytic
hydrodeoxygenation (HDO) reactor system for experimental proof-of-concept of H2Bioil
process

The continuous-flow experiments were performed with the previously described
high-pressure reactor system containing a cyclone-type fast-hydropyrolysis (FHP) reactor
with a downstream vapor-phase catalytic HDO reactor (Figure 5.1) [15]. The
experimental design for this setup was specially challenging due to the need for a labscale high-pressure continuous-flow solids feeder and the necessities of a fasthydropyrolysis reactor system that could work effectively and safely with high pressures
(up to 50 bar) of hydrogen. Furthermore, a catalyst is required that would achieve
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complete HDO of a mixture of oxygenated molecules with different functional groups to
produce a hydrocarbon stream. In this reactor setup, the biomass/cellulose is fed using a
high-pressure auger-type screw feeder. The biomass is then entrained with feed gas
(hydrogen and nitrogen), at a flow rate of ~25 standard L min-1, for feeding into the
cyclone-type fast-hydropyrolysis reactor. The biomass particles get rapidly heated at
heating rates >100 C s-1 to produce fast-hydropyrolysis vapors on contact with the
heated inner wall of the cyclone and the char by-product is collected at the bottom of the
reactor. The fast-hydropyrolysis vapors exit from the top of the reactor, move through a
transfer section where the temperature of the stream is adjusted and are catalytically
upgraded in the downstream fixed-bed HDO reactor. The upgraded products pass through
a concentric tube heat exchanger, cooled with a mixture of ethylene glycol and water at 5
C, to quench the vapors. Two traps, one at room temperature and another cooled with
dry ice, are used to collect an aqueous phase of products. The permanent gas products
and vapor-phase hydrocarbons pass through the traps and are analyzed with an online gas
chromatograph equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID). The permanent gases H2, N2, CO, CO2 and CH4 are separated
using 60/80 Supelco Carboxen-1000 packed column (4.6mx2.1mm I.D., Catalog No.
12390-U) and analyzed with the TCD. The C1-C8+ hydrocarbons are resolved using an
Agilent J&W GS-Gaspro capillary column (60mx0.32mm I.D., Catalog No. 113-4362)
and analyzed with the FID. Supelco 12718-U pre-column (3m x 2.1mm I.D.) was used to
remove heavies from the sample stream before the TCD. Nitrogen was used as an internal
standard for the TCD analysis and quantification of methane was used for relating the
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TCD and FID analysis. The TCD and FID have been calibrated and compound retention
times have been identified using calibration gas mixtures.
The experiments with cellulose and poplar were carried out under similar
experimental conditions, as shown in Table 5.1. The microcrystalline cellulose (50 m)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). The poplar feedstock (termed
BESC standard poplar, <53 m) was a genotype of Populus trichocarpa grown at Oak
Ridge National Laboratory [60]. The ultimate and proximate analysis of the cellulose and
poplar feedstocks, as performed by Hazen Research Inc. (Golden, CO, USA), is shown in
Table B.1. The compositional analysis of poplar feedstock, as provided by NREL, is
given in Table B.2. The cellulose or poplar was fed to the reactor system at the rate of
~0.1 g min-1 and the total experimental run time was ~1 hour. After each experiment, the
reactor was depressurized, and the aqueous phase and char products along with the
remaining feed in the feed hopper were collected and measured for the overall mass
balance. The typical experimental error with the reactor system is ~±5% based on
duplicate repeats of experiments. The carbon and hydrogen content of the char and the
aqueous phase products (combined from both the traps) and water content of the aqueous
phase products was analyzed by Galbraith Laboratories Inc. (Knoxville, TN, USA). The
overall carbon balance was ~95% with both cellulose and poplar. The unaccounted
carbon is attributed to product collection losses during and after these high pressure
experiments.
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Table 5.1: Experimental conditions for the fast-hydropyrolysis and catalytic
hydrodeoxygenation experiments with cellulose and poplar
Total pressure / bar

27

Hydrogen partial pressure / bar

25

Nitrogen partial pressure / bar

2

Fast-hydropyrolysis temperature / °C

~480

HDO catalyst

5wt%Pt-2.5wt%Mo/MWCNT

HDO temperature / °C

~300

Weight hourly space velocity / hr-1

~4

The results reported in Section 4.4.3 [15] of this thesis have shown that, in the
absence of a catalyst, high pressures (up to 50 bar) of hydrogen do not have a significant
deoxygenation effect on the first stage fast-hydropyrolysis of cellulose. Candidate
catalyst testing (Thesis Section 4.4.5) had shown that the catalyst design is critical for
favoring C-O hydrogenolysis over C-C hydrogenolysis for effective HDO [15]. Also,
non-sulfided catalysts are preferred for this process due to the low content of sulfur in
biomass available to retain catalyst activity. Hence, a 5wt%Pt-2.5wt%Mo (atomic ratio
1:1) supported on multiwalled carbon nanotubes (MWCNT) catalyst was developed and
used for achieving HDO of the cellulose/biomass fast-hydropyrolysis vapors [61]. In this
catalyst, Pt was chosen for its hydrogenation function, based on the results of candidate
catalyst testing [15], and Mo was chosen as an oxophillic promoter, to favor C-O bond
scission reactions [49,50]. MWCNT were chosen as an inert support, because they are a
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relatively pure form of carbon reported to be stable at high temperatures [62] and they
facilitate catalyst characterization measurements. The MWCNT (10-20nm outer diameter,
>95% purity) support was purchased from Cheap Tubes Inc. (Cambridgeport, VT, USA).
The catalyst precursors were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
catalyst was prepared by sequential incipient wetness impregnation technique. Platinum
was

impregnated

first

on

the

MWCNT

using

an

aqueous

solution

of

tetraammineplatinum(II) nitrate (Pt (NH3)4(NO3)2,) to achieve 5wt% Pt loading, and then
the catalyst was dried in air at 60 C overnight. Subsequently, molybdenum was
impregnated using an aqueous solution of ammonium heptamolybdate tetrahydrate
((NH4)6Mo7O24.4H2O)) to achieve Pt:Mo atomic ratio of 1:1 (2.5 wt% Mo) loading, and
the catalyst was again dried at 150 C overnight. The dried catalyst was reduced in 5% H2
in balance He with a temperature ramp of 4 C/min to 450 C and held at 450 C for 2
hours and cooled in He flow. The catalyst was passivated with 10% air in balance He
before removing from the catalyst pretreatment reactor. The catalyst was again reduced in
situ in the HDO reactor, at the same catalyst reduction conditions, before the start of all
experiments.

5.4

Results and Discussion

The product distributions from the experiments with cellulose and poplar are
shown in Figure 5.2 and Table B.4, on a percentage carbon in the feed basis. The C1 to C3
hydrocarbons comprise of methane, ethane and propane respectively. The C4-C8+
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hydrocarbons are lumped in terms of the carbon number for representation of the
hydrocarbon mixture. The C8+ hydrocarbons comprise carbon numbers greater than or
equal to 8, with C9 as the highest carbon number observed in the mixture. It is noteworthy
that there is no detectable oxygen content in the hydrocarbon product mixture, which
consists of saturated hydrocarbons as either straight chain, branched or cyclo-paraffins
(alkanes). The list of hydrocarbons identified in the product mixtures is shown in Table
B.3. The elemental compositions of char and aqueous phase products from the
experiments are shown in Table B.5 and Table B.6, respectively.
The total C1-C8+ hydrocarbon yield with cellulose (Figure 5.2, Table B.4) is ~73%
of the carbon fed. The hydrocarbon yield in the liquid fuel range (C4+) is ~55%. The
major fraction of the hydrocarbons falls into the C6 range, mainly due to the complete
HDO of levoglucosan (C6H10O5) and its isomers that form a major portion of the vapor
mixture from fast-hydropyrolysis of cellulose at these experimental conditions [15]. The
char yield is low at ~3% carbon (1.9 wt% of feed) due to the high heat transfer rates that
is attributed in part to the relatively small particle size and low flow rate of cellulose.
This char yield from cellulose is the lowest reported in the literature, to the best of our
knowledge [38,42]. The CO yield of ~16% carbon is mainly due to the C-C bond scission
in the second stage HDO using the PtMo/MWCNT catalyst. In contrast, the CO yield is
<5% carbon from the first stage fast-hydropyrolysis of cellulose at these experimental
conditions [15].
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(a) Cellulose

(b) Poplar
Figure 5.2: Product distributions (% carbon in the feed basis) from the
experiments with (a) cellulose and (b) poplar.
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The total C1-C8+ hydrocarbon yield with poplar (Figure 5.2, Table B.4) is ~54% of
the carbon fed. The hydrocarbon yield in the liquid fuel range (C4+) is ~32%. A major
fraction of the hydrocarbons is in the C8+ range, mainly as a result of the HDO of the
aromatic oxygenates from the fast-hydropyrolysis of the lignin fraction of biomass [63].
The char yield from poplar is ~29% carbon (18.4 wt% of feed). Also, within the
experimental time period used in these studies, due to the high partial pressure (25 bar) of
hydrogen used in the experiments, no measurable coking on the catalyst is observed with
either cellulose or poplar. Measurement of the used catalyst weight after experiments was
utilized as a check for catalyst coking.
To study the effect of HDO temperature, an experiment where cellulose fasthydropyrolysis was conducted at the process conditions shown in Table 5.1 but the HDO
reactor operated at a higher temperature of 350 C was performed. The product
distributions under these conditions are compared with those for earlier 300 C HDO in
Figure B.1. The comparison shows that increasing the HDO temperature leads to higher
C-C bond scission, resulting in a higher proportion of CO and lower proportion of C4+
range hydrocarbons in the product. The results on cellulose fast-hydropyrolysis reported
in Section 4.4.2 [15] of this thesis have shown that the optimal temperature for pyrolysis
is in the neighborhood of 480 C to minimize yields of CO, CO2, CH4 and light
oxygenates. Hence, the independent control of the fast-hydropyrolysis and catalytic HDO
temperatures in our vapor-phase upgrading approach enables operation of each stage at
its optimal temperature. This independent control of the fast-hydropyrolysis and catalytic
HDO, using separate process conditions and catalysts, could also help in tailoring the
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hydrocarbon distribution to higher carbon number hydrocarbons in the diesel range and to
produce olefins and aromatics from biomass, which would lower hydrogen consumption
and be useful for high-octane fuel or chemicals applications.

(a) Gasification and reforming

(b) Combustion and Reforming
Figure 5.3: Synergistic process integrations of fast-hydropyrolysis and HDO
along with gasification, combustion and reforming.
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The product distributions from both cellulose and poplar show the opportunities
for synergistic process integration for improving the utilization of the feed carbon into
liquid fuel range (C4+) hydrocarbons. For achieving the overall objective of “no carbon
left behind”, one of the process options for synergistic utilization of CO, CO2, C1-C3
hydrocarbons and char could be a combination of heat assisted gasification and reforming
(Figure 5.3(a)) [12,13]. This synergistic process integration could be tailored for
hydrogen supply to the fast-hydropyrolysis versus the conversion of the syngas stream to
liquid fuels through a Fischer-Tropsch process, versus conversion to methanol or
dimethyl ether. Combustion of the non-CO2 components (Figure 5.3(b)) could also be
used as an option for providing the process heat based on the acceptable CO2 emissions
from the process. The H2Bioil process is envisioned to be deployed as mobile biofuel
processing unit close to the biomass sources, which would aid the process economics by
reducing biomass transportation costs [1]. For these small-scale mobile applications, a
combination of char combustion and reforming of CO, C1-C3 hydrocarbons along with
hydrogen separation (using selective membranes) and recycle would be a promising
synergistic integration.

5.5

Conclusions

Overall, the experiments for proof-of-concept of the H2Bioil process have shown
the potential positive impact of this process on the biofuels sector. Using a 5wt%Pt2.5wt%Mo/MWCNT catalyst, HDO of cellulose and intact biomass (poplar) fast-
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hydropyrolysis vapors is achieved. The carbon recoveries as C1-C8+ hydrocarbons is
~73% with cellulose and ~54% with poplar, with liquid fuel range (C4+) hydrocarbon
recoveries as ~55% and ~32%, respectively. Independent control of the fasthydropyrolysis and HDO temperatures is necessary to increase the overall C4+
hydrocarbon yields by minimizing C-C bond scission. Synergistic process integration
with gasification, reforming and combustion of CO, C1-C3 hydrocarbons and char would
aid in improving overall carbon and energy efficiency of an integrated biorefinery
process.
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CHAPTER 6. SUMMARY AND FUTURE DIRECTIONS

Portions of the material presented in this chapter have either been published [15]
– Reproduced by permission of The Royal Society of Chemistry, or have been accepted
as part of a publication to Green Chemistry [51] – Reproduced by permission of The
Royal Society of Chemistry.

6.1
6.1.1

Summary of research contributions
Fast-pyrolysis and Fast-hydropyrolysis

In the first part of the dissertation, a systematic study for designing a reactor for
high–pressure (up to 50 bar) fast-pyrolysis and fast-hydropyrolysis was presented.
Various designs for a prototype free-fall reactor and a prototype cyclone reactor were
tested for high-pressure fast-pyrolysis (Chapter 2). The important reactor design
parameters for stable performance were fast heating rates and low vapor residence times,
especially at the reactor inlet. Among the tested designs, the prototype cyclone reactor
was able to show stable performance without clogging.
The results from the prototype high-pressure fast-pyrolysis reactor experiments
were then used for the design, construction and operation of a second-generation cyclonetype fast-hydropyrolysis reactor system along with downstream vapor-phase catalytic
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HDO reactor (Chapter 3). This reactor system was specifically designed/sized for the
requirements of the planned experiments and high-pressure hydrogen safety.
A liquid chromatography-mass spectrometry based analytical method was
developed for the quantitative analysis of the cellulose pyrolysis liquid products (Chapter
4). This technique was able to achieve up to 95wt% mass closure on the cellulose
pyrolysis liquid products by accounting for 15 compounds (including water). Presently,
work is in progress for applying this LC-MS method as part of a multi-stage LC method,
with a flash column separation of compounds in carbohydrate, furan and lignin fraction,
for characterization of biomass bio-oils.
The major products of cellulose fast-pyrolysis at a reaction pressure of 27 bar and
520 ºC pyrolysis temperature are levoglucosan and its isomers, cellobiosan, light
oxygenates like formic acid, glycolaldehyde and hydroxyacetone with yields (wt% of the
liquid product) as ~51wt%, ~1wt%, ~11wt%, ~8wt% and ~1 wt%, respectively.
Increasing pyrolysis temperature in the range of 480 ºC to 580 ºC increases the formation
of light oxygenates due to the increase in thermal cracking and decreases carbon recovery
in the liquid. Hence, the optimum pyrolysis temperature to maximize carbon recovery in
the oxygenated liquid, and eventually in the liquid fuel range hydrocarbons, is in the
neighborhood of 480 ºC in the tested temperature range.
Comparison of cellulose fast-pyrolysis and fast-hydropyrolysis experiments,
without a downstream HDO catalyst, showed that H2 does not play an important role in
deoxygenation even up to 50 bar H2 partial pressure at a pyrolysis temperature of 480 ºC.
At 580 ºC pyrolysis temperature, the presence of hydrogen suppresses the formation of
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light oxygenate species such as formic acid and glycolaldehyde. On increasing the
reaction pressure from 27 bar to 54 bar, at the same total standard condition gas flow rate,
the amount of char increases due to a decrease in effective heat transfer to the particles
resulting from a decrease in cyclone radial velocity. This effect of increase in char yields
due to decrease in cyclone radial velocity was also seen with the prototype cyclone
reactor.
6.1.2

Catalytic Hydrodeoxygenation

Testing of candidate catalysts Al2O3, 2% Pt/Al2O3 and 2% Ru/Al2O3 for HDO of
cellulose fast-hydropyrolysis vapors showed that Pt and Ru favor C-C bond scission, and
Al2O3 leads to dehydration and coking. Pt leads to loss of carbon as CO, due to
decarbonylation, and Ru leads to carbon loss as CH4 due to methanation. Pt resulted in a
higher extent of deoxygenation as compared to Ru, with the cellulose feedstock.
Lowering the space velocities with these Pt and Ru catalysts increased the conversion of
the oxygenates but did not improve the extent of deoxygenation due to high C-C bond
scission. Hence, in order to increase carbon recovery in the liquid along with an
improvement to the extent of deoxygenation, the HDO catalyst should favor C-O bond
scission reactions so that the oxygen content could be removed as water and the carbon
content can be retained as liquid fuel range hydrocarbons.
Literature survey of catalyst descriptors, candidate catalyst screening and previous
work from our research group revealed that adding an oxophillic promoter, such as Mo,
along with a hydrogenation function, such as Pt, could increase C-O bond scission. Hence,
a 5wt%Pt-2.5wt%Mo/MWCNT catalyst was tested for HDO of fast-hydropyrolysis
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vapors from cellulose, as a model biomass feedstock, and poplar, as a real biomass
feedstock, at standard conditions of HDO at 300 ºC and fast-hydropyrolysis at 480 ºC.
For both cellulose and poplar, the particle size was comparable at ~50 microns and flow
rate was ~0.1 g min-1 to decrease the char yield. The total C1-C8+ hydrocarbon yield (as %
carbon of feed) with cellulose is ~73% hydrocarbons, the liquid fuel range hydrocarbon
yield (C4+) is ~55%, with a major fraction as C6 hydrocarbons from the complete HDO of
levoglucosan. The total C1-C8+ hydrocarbon yield (as % carbon of feed) with poplar is
~54% hydrocarbons, the liquid fuel range hydrocarbon yield (C4+) is ~32%, with a major
fraction as C8+ hydrocarbons from the complete HDO of lignin fragments. With the
cellulose feedstock, increasing the HDO temperature from 300 ºC to 350 ºC increases CC bond scission and leads to higher yields of CO and lower yields of C4+ hydrocarbons.
Since the optimum temperature for cellulose fast-hydropyrolysis is in the neighborhood
of 480 ºC, the independent control of fast-hydropyrolysis and HDO temperatures in the
H2Bioil process helps in improving overall C4+ hydrocarbon yields. For improving the
overall carbon efficiency from the experimental proof-of-concept of the H2Bioil process,
synergistic process integrations, involving gasification, combustion and reforming, have
been suggested for utilizing carbon from CO, char and lights to increase yield of C4+
hydrocarbons.
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6.2

Proposals for Future Directions

One of the future directions of this research could be to find alternatives to the
PtMo/MWCNT catalyst for HDO. Since the MWCNT catalyst support cannot withstand
high temperature calcination, alternative industrially-relevant inert supports like silica
could be tested. For varying the acidity, supports such as zeolites, alumina, silica-alumina
and mixed metal oxides of Nb, Ta, Zr, Ce, Ti etc. could be used. Zeolites have been used
in catalytic pyrolysis applications, but lead to significant coking and high yield of
aromatics [35]. Niobia has been used as an acidic catalyst for dehydration of alcohols
[45]. Alumina has been extensively used in traditional hydrotreating catalysts [54]. The
catalysts could also be designed to promote C-C bond forming reactions, such as the
aldol condensation reaction, for producing hydrocarbons of higher carbon numbers.
Mixed metal oxides of CexZr1-xO2 have been used as catalyst supports for favoring aldol
condensation [45].
For varying the PtMo bimetallic combination, other reducible metals such as Ni
and Pd along with other oxophillic promoters such as Re, W, Sn and Fe, could be tested.
Many bimetallic catalysts with these combinations have been studied for aqueous phase
processing of biomass for production of hydrogen [64]. Addition of Re to Pt in PtRe/C
catalysts has been shown to increase rates of C-O cleavage reactions in aqueous phase
reforming of glycerol [65]. RhReOx/C has been shown to be selective for C-O
hydrogenolysis of oxygenates [47]. NiMo and CoMo catalysts have been used, both in
sulfide and oxide forms, for hydrotreating of bio-oils [9]. Testing of NiFe/SiO2 and
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PdCu/SiO2 catalysts, with furfural as model compound, has shown that addition of Fe and
Cu suppresses the decarbonylation activity of Ni and Pd by promoting C=O
hydrogenation and C-O hydrogenolysis [66,67]. Also, Pt-Sn/SiO2 and Pt-Sn-K/SiO2 have
been used for deoxygenation of triglycerides to form hydrocarbons [68].
Another future direction for this research could be to improve the carbon yield of
liquid fuel range hydrocarbons from intact biomass by decreasing char and lights
formation. One of the options for decreasing char formation is by utilizing a fluidized bed
reactor that improves heating rates to biomass particles [36–38]. Catalysts in the fasthydropyrolysis step could help in decreasing char and lights formation. The catalysts
could either be impregnated on the starting biomass or be co-fed to the fasthydropyrolysis reactor system. Char formation would also be related to the inorganic ash
composition of intact biomass, which would need further study [69]. The lights formation
from the HDO stage could be decreased by decreasing the HDO temperature to lower
than 300 °C. But, condensation of the oxygenates could become an issue due to which the
HDO temperatures were limited to 300 °C for the work reported in this dissertation. Also,
HDO catalysts could be designed to favor C-C bond formation reactions such as aldol
condensation of the light oxygenates. The downstream catalytic reactor could also be
redesigned for allowing multiple beds of catalysts, with catalysts serving multiple
functions such as C-C bond formation, HDO etc. that could help in tailoring the overall
hydrocarbon distribution.
The other key aspect of the future work could be on high pressure fast-pyrolysis,
fast-hydropyrolysis of genetic variants of poplar, with different S:G lignin ratios,

97
available from Prof. Meilan’s group as part of Center for Direct Catalytic Conversion of
Biomass to Biofuels (C3Bio). The effect of fast-hydropyrolysis of these lignin variants of
poplar on the downstream catalytic hydrodeoxygenation could also be studied. The
composition characterization of these lignin variants, including an inorganic ash analysis,
would be critical for drawing conclusions on the effect of lignin variations on the product
yields. The work on these poplar variants would also be dependent on the multi-stage
liquid chromatography-mass spectrometry analytical technique being developed in
collaboration with Prof. Kenttämaa’s group for the quantitative analysis of biomass
pyrolysis bio-oils. This high-resolution technique would be needed to quantitatively
understand the subtle differences between the pyrolysis compounds arising from the
lignin fraction of biomass in these different lignin variants of poplar.
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Appendix A

Supplementary information for high-pressure fast-pyrolysis, fast-

hydropyrolysis and catalytic hydrodeoxygenation of cellulose

The material presented in this appendix has been published as supplementary
information for [15] – Reproduced by permission of The Royal Society of Chemistry.

A.1

Screw feeder design

The purpose of the screw feeders is to introduce biomass or biomass model
compounds into the reactor system at high pressures of up to 68 bar. The screw feeder
consists of a feed hopper containing the solids, an auger tube with the screw and a feed
chamber, which is a stainless steel box on the right side of the screw feeder (as shown in
Figure A.1). These different parts are connected using Conflat (CF) flanges. The material
of construction of the screw feeder is stainless steel 316 except for the 1” glass window
attached to the feed chamber. The window has a maximum working pressure of 95 bar at
room temperature. The feed hopper and the feed chamber can be purged with inert gas
prior to any experiment. The screw feeder is driven by an Applied Motion M400 electric
servo motor which is connected to the feeder via magnetic coupling and therefore
isolated from the high pressure environment. The screw feeder is capable of feed rates in
the range of 0.1 to 20 g min-1.
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Figure A.1: Picture of high-pressure biomass screw feeder.

A.2

High-pressure reactor design

A.2.1 Fast-hydropyrolysis reactor
A cross sectional view of the fast-hydropyrolysis reactor is shown in Figure A.2.
The body of the cyclone reactor is machined from stainless-steel type-347 round bar and
has an OD and ID maximum of 2.375” and 1.69” respectively, corresponding to schedule
160 pipe. At 650 °C, the basic allowable stress for TP347 seamless pipe is 4.4 ksi (5.9 ksi
at 600 °C) which corresponds to an internal design pressure of 110 bar (or 145 bar at
600 °C). The flange connection at the top of the reactor is a F316H 2” #2500 B16.5
flange which has a maximum working pressure of 106.5 bar at 650 °C. At the bottom of
the reactor, the OD and ID are 1.05” and 0.614” respectively which corresponds to
schedule 160 pipe and has an internal design pressure of 179 bar. The bottom flange,
which is used to connect to the char collector, is a F316H #1500 ¾” B16.5 flange which
has a maximum working pressure of 106 bar at 593 °C.
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Figure A.2: Cross section view of high-pressure cyclone-type fast-hydropyrolysis
reactor.

The char collector was machined from stainless-steel type-316 round bar and has
an OD of 3.5” and an ID of 2.626”, equivalent to schedule 160 pipe. At 315 °C, the char
collector body has an internal design gage pressure of 381 bar. The bottom of the
collector uses F316H #600 3” B16.5 flanges for access to the inside of collector if needed.
These have a maximum working pressure of 100 bar at 40 °C.
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A.2.2 Downstream fixed-bed vapor-phase hydrodeoxygenation (HDO) reactor

The HDO reactor, shown in Figure A.3, itself is simply an empty tube with a
porous metal frit that supports the catalyst bed. It is made from ½” schedule 80 A312
TP316 piping and socket-welded to F316H #1500 B16.5 flange connections. The pipe
has an internal design gage pressure of 236 bar at 650 °C. The flanges have maximum
working pressure of 106 bar at 593 °C. The connector from the cyclone reactor to the
downstream HDO reactor is made from ½” schedule 80 A312 TP316 piping and uses ½”
F316H #1500 and 2” F316H #2500 B16.5 flange connections. Again, these flanges have
a maximum working pressure of 132 bar and 106.5 bar at 650 °C respectively.
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Figure A.3: Cross-section view of downstream fixed-bed vapor-phase HDO
reactor.

A.2.3 Condenser and gas/liquid separation
The purpose of this step is to cool and condense the pyrolysis vapors to 15-20 °C
and then separate them from the permanent gas stream. The vapor quenching system
consists of a concentric-tube countercurrent condenser. Gas and vapors pass through the
center tube which is cooled by circulation of 50/50 mixture of ethylene glycol and water
at 5°C. The condensed vapors are separated from permanent gases in a Swagelok
coalescence filter, which utilizes a glass fiber filter element to help coalesce liquids and is
rated to 68 bar at ambient temperature. After passing through the filter, gases are passed
through a stainless steel trap, which is cooled using ice-water mixture to collect any
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remaining condensable liquids. The gas stream is then depressurized via a backpressure
regulator and sent to exhaust and GC analysis streams.
The tube portion of the shell and tube condenser is made from schedule 80 A312
TP316 piping and connects to the HDO reactor with a ½” #1500 B16.5 flange. The pipe
has an internal design gage pressure of 236 bar at 650 °C. The flanges have maximum
working pressure of 106 bar at 593 °C. The exit of the condenser connects to the
coalescence filter via ¼” A312 TP316 tube with a wall thickness of 0.028” welded to a ¼”
fVCR connector which has an allowable working pressure of 275 bar at 100 °C.

Figure A.4: Process flow diagram of the complete reactor system along with the hydrogen safety systems like hydrogen
detectors, automatic shut-off valves, excess flow valves, redundant pressure relief and emergency exhaust
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Figure A.5: Simplified schematic of the LC-MS setup for the analysis of liquid products
from all experiments. Model numbers of the Agilent LC-MS modules are shown below
each unit. Relevant analysis method parameters are shown above each unit.
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Table A.1: Chemical compounds identified and quantified for LC-MS analysis of liquid
products from all experiments

!

Chemical Compound

Retention
Time / min

Calibration
Range / g L-1

Cellobiosan

11.3

0 - 0.7

Levogalactosan

15.5

0 - 8.0

Levoglucosan

16.1

0 - 6.2

Glycolaldehyde

17.0

0 - 3.2

Formic Acid

18.0

0 - 6.1

Acetic Acid

19.3

0 - 3.2

1,6:2,3-Dianhydro-β-D-mannopyranose (DAMP)

20.9

0 - 2.0

Hydroxyacetone

21.5

0 – 1.9

Methanol

24.3

0 - 4.3

Acetone

26.9

0 - 2.8

Ethanol

27.6

0 - 2.0

Levoglucosenone

33.5

0 - 2.2

5-Hydroxymethylfurfural (5-HMF)

33.9

0 - 1.0

Furfural

47.3

0 - 0.6
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Figure A.6: LC-MS calibrations of the 14 chemical compounds used for quantification.
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Appendix B

Supplementary information for direct production of hydrocarbons from
cellulose and intact biomass

The work presented in this appendix has been accepted as part of the
supplementary material for publication to Green Chemistry [51] – Reproduced by
permission of The Royal Society of Chemistry.

B.1 Materials
The microcrystalline cellulose (50 m) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The poplar feedstock (termed BESC standard poplar) was a genotype
of Populus trichocarpa grown at Oak Ridge National Laboratory [60]. The poplar
feedstock, which was dried and milled to less than 80 mesh (< 0.177 mm), was obtained
from National Renewable Energy Laboratory (NREL). The poplar feedstock was then
sieved to pass through a 270 mesh screen for a particle size of <53 m, comparable to the
microcrystalline cellulose, for the experiments reported in Chapter 5. Ultra high purity
(99.999%) hydrogen and high purity (99.995%) nitrogen purchased from Indiana Oxygen
Company (Indianapolis, IN, USA) were used for the experiments.
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Table B.1: Ultimate and proximate analysis of cellulose and poplar feedstocks
!

Ultimate Analysis
Cellulose

Poplar

Carbon / %wt (dry)

44.70

50.72

Hydrogen / %wt (dry)

6.31

5.88

Nitrogen / %wt (dry)

0.19

0.14

Sulfur / %wt (dry)

<0.01

<0.01

Ash / %wt (dry)

0.04

1.89

Oxygen / %wt (dry), by
difference

48.76

41.37

Proximate Analysis
Moisture / % wt as used

0.94

3.32

Volatile Matter / %wt (dry)

98.24

88.63

Fixed Carbon / %wt (dry)

1.72

9.48

HHV / BTU lb-1

6963

8153
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Table B.2: Compositional analysis of the poplar feedstock, % wt (dry)
Poplar
Cellulose

44.5

Hemicellulose

17.9

Lignin

26.3

Extractives

3.1

Acetate

3.6

!

Table B.3: List of hydrocarbons from the HDO of cellulose and poplar

!

Carbon Number

Hydrocarbon

C1

Methane

C2

Ethane

C3

Propane

C4

n-butane, iso-butane

C5

n-pentane, branched isomers of pentane, cyclopentane

C6

n-hexane, branched isomers of hexane, cyclohexane, methyl cyclopentane

C7

n-heptane, mixture of branched isomers and cyclo-alkanes

C8+

n-octane, n-nonane, mixture of branched isomers and cyclo-alkanes.
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Table B.4: Overall product distribution from cellulose and poplar, % carbon in
feed basis
Cellulose

Poplar

CO

15.6

9.6

CO2

2.0

2.7

Char

3.4

28.5

Aqueous phase

0.9

0.4

C1

5.3

9.8

C2

6.1

6.9

C3

6.2

5.0

Total (C1- C3) range

17.6

21.7

C4

8.2

5.7

C5

16.2

6.5

C6

23.2

4.9

C7

1.9

2.8

C8+

5.5

12.2

Total C4+ range

55.0

32.1

Total hydrocarbons (C1 - C8+)

72.6

53.8

Overall carbon balance

94.5

95.0

Product Hydrocarbons Yield

!
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Table B.5: Carbon and hydrogen contents of char from cellulose and poplar experiments.
Cellulose

Poplar

Carbon / wt%

80.9

76.3

Hydrogen / wt%

3.6

3.7

!

Table B.6: Carbon, hydrogen and water contents of aqueous phase products from
cellulose and poplar experiments.

!

Cellulose

Poplar

Carbon / wt%

2.2

1.1

Hydrogen / wt%

11.3

11.8

Water / wt%

91.2

97.2

Product(distribu,on(/(%(non0char(carbon(
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Figure B.1: Comparison of product distribution (% non-char carbon basis) from
HDO of cellulose fast-hydropyrolysis vapors as a function of HDO temperature. Process
conditions: PH2=25 bar, PN2= 2 bar, Ptotal=27 bar, fast-hydropyrolysis=480°C.

119
Appendix C

Permission for reproduction of text from publications in thesis

Portions of the material in this thesis, especially in Chapters 3, 4, 6 and Appendix
A, have been previously published [15] – Reproduced by permission of The Royal
Society of Chemistry.
Material described in Chapters 5, 6 and Appendix B has been accepted as part of a
publication to Green Chemistry [51] – Reproduced by permission of The Royal Society
of Chemistry.
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